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FOREWORD

An exploratory experimental and theoretical investigation of gaseous nuclear

rocket technology is being conducted by the United Aircraft Corporation Research _
TLaboratories under Contract NASw-84T with the joint AEC-NASA Space Nuclear Propulsion
Office. The Technical Supervisor of the Contract for NASA is Captain W. A. Yingling
(USAF). Results of the fluid mechanics portion of the investigation conducted

during the period between September 15, 1965 and May 30, 1967 are described in the
following four reports (including the present report) which comprise the required
fifth Interim Summary Technical Report under the Contract:

1.

Travers, A.: Experimental Investigation of Flow Patterns in Radial-Outflow
Vortexes Using a Rotating-Peripheral-Wall Water Vortex Tube. UAC Research
Leboratories Report F-910091-10, May 1967 (NASA CR-991, 1968).

Johnson, B. V.: Exploratory Flow and Contaimment Experiments in a Directed-
Wall-Jet Vortex Tube with Radial Outflow and Moderate Superimposed Axial Flows.
UAC Research Laboratories Report F-910091-11, May 1967 (present report, NASA
CR-992, 1968).

Kendall, J. S., A. E. Mensing, and B. V. Johnson: Containment Experiments in
Vortex Tubes with Radial Outflow and Large Superimposed Axial Flows. UAC Research
Laboratories Report F-910091-12, May 1967 (NASA CR-993, 1968).

Clark, J. W., B. V. Johnson, J. S. Kendall, A. E. Mensing, and A. Travers:
Summary of Gaseous Nuclear Rocket Fluid Mechanics Research Conducted Under

Contract NASw-847, UAC Research Laboratories Report F-910091-13, May 196T7.
(Submitted to ATAA for publication.)
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Exploratory Flow and Containment Experiments

in a Directed-Wall-Jet Vortex Tube with Radial Outflow

and Moderate Superimposed Axial Flows

SUMMARY

Exploratory fluid mechanics experiments were performed to obtaln information
applicable to an open-cycle, vortex-stabilized, gaseous-core nuclear rocket. The
containment characteristics of confined radial-outflow vortexes with superimposed
axial flow were studied to determine whether high average simulated-fuel densities
and high ratios of simulated propellant-to-fuel flow rates could be obtained. The
experiments concentrated on two factors that influence simulated-fuel contairmment:
(1) simulated-propellant injection methods in which the flow is injected from the
peripheral wall of an axial-flow vortex tube with both axial and tangential
(eircumferential) components of velocity, and (2) simulated-fuel injection methods.
The experiments were performed in 10-in.-dia by 30-in.-long vortex tubes. Simu-
lated propellant was injected at the peripheral wall through 600 directed wall
Jets that could be adjusted to any injection flow angle between the tangential and
axlal directions.

Flow visualization tests were performed using water with dye as a trace fluid.
The dye patterns showed that large-scale turbulent mixing occurred between the
central region and the peripheral-wall reglon when the simulated fuel was Injected
from ducts at the centers of both end walls (radial outflow). Velocity measure-
ments were made using air as the working fluid. These measurements Indicated that
injection at the peripheral wall with both axial and tangential components of
velocity will substantially decrease the average axial velocities in the central
region and will create a larger volume within the vortex that is potentially avail-
able for contaimment of fuel. Containment tests to determine the average dwell
time of simulated fuel in the vortex tube were performed using a heavy gas to
simulate fuel and a light gas to simulate propellant. Compared with the containment
times measured with no axial component of injection velocity, improvements in con-
taimment time of as much as a factor of three-and-one-half were obtained in this
Investigation using injection with both axial and tangentilal components of velocity.
The improvements that can be obtalned using different fuel injection methods are
smaller. However, the maximum contaimment times that were measured were approxi-
mately one to two orders of magnitude less than the value now estimated to be
required for an economically practical, open-cycle, gaseous-core nuclear rocket.
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CONCLUSTONS

1. Velocity measurements indicated that the average axial velocities in the
central region of an axial-flow vortex tube were substantially decreased for some,
but not all, configurations in which the simulated propellant was injected with an
axial component of velocity in addition to the tangential component. Compared with
configurations in which the simulated propellant was injected only tangentially,
the volume potentially available for simulated-fuel contaimment was increased sub-
stantially for the best configurations.

2. The heavy-gas dwell times (the average time that the heavy gas or simulated
fuel remained in the vortex tube) were higher in tests with an axial component of
light-gas (simulated propellant) injection velocity. The maximum heavy-gas dwell
times were three-and-one-half times those measured in tests with no axial component
of injection velocity, but were only seven times the average light-gas dwell time.
The heavy-gas dwell times were not appreciably affected by changes in the heavy-gas
injection configuration.

3. Flow visualization tests using water as the working fluid showed that tur-
bulent mixing was a dominant feature even with the injection configurations that
provided the highest heavy-gas dwell times and the highest average heavy-gas densi-
ties. TUlarge-scale eddies occurred between the central region and high-axial-velocity
region near the peripheral wall for all peripheral-wall injection configurations.
These eddies probably account for the failure to obtain greater improvements in the
heavy-gas dwell times.

4. The best combination of simulated-propellant and simulated-fuel injection
methods provided contaimment parameters that are between one and two orders of
magnitude less than are now estimated to be required for an economically practical
full-scale, open-cycle engine.



INTRODUCTTION

An experimental and theoretical investigation of gaseous nuclear rocket
technology is being conducted by the United Aircraft Research Laboratories under
Contract NASw-847 administered by the Jjoint AEC-NASA Space Nuclear Propulsion
Office. The research performed under this contract is applicable to two vortex-
stabilized gaseous nuclear rocket concepts: the open-cycle concept and the nuclear
light bulb engine concept.

In the open-cycle concept, hydrogen propellant is injected from the peripheral
wall of the rocket chamber to drive the vortex. It then flows axially in a narrow
region near the peripheral wall into an exhaust annulus at one end of the chamber
and through the exhaust nozzle. Gaseous nuclear fuel is contained in the central
region of the vortex flow. Heat is transferred by thermal radiation from the
gaseous nuclear fuel to the hydrogen propellant passing over the fuel region.
Detalls of the engine concept -- including the fluid mechanics, heat transfer,
nucleonics and structure -- are described in Ref. 1.

In the nuclear light bulb concept, propellant is heated by thermal radiation
passing through an internally cooled transparent wall located between the fuel and
the propellant. Coolant gas is injected tangent to the inner surface of the
transparent peripheral wall to drive a vortex. A vortex flow pattern is utilized to
contain gaseous miclear fuel and keep it away from the transparent wall.

Two factors which determine the flow patterns in confined vortexes are (1)
whether or not there is a superimposed axial flow near the peripheral wall, and (2)
whether or not the net flow of fluid is radially inward or outward with respect to
the centerline of the vortex. 1In a vortex with superimposed axilal flow, fluid is
injected at the peripheral wall and is withdrawn through an annulus located near the
outer edge of one end wall. The radial-inflow vortex is formed by removing a small
amount of fluid through ports at the centers of the end walls. The radlal-outflow
vortex is also driven by injecting fluid at the peripheral wall, but in this case
additional fluid is injected through the ports at the centers of the end walls.

Flow visualization tests of radial-inflow vortexes (Refs. 2 and 3) have
indicated that the flow in the central region can be relatively laminar and, hence,
may lead to satisfactory contaimment of gaseous nuclear fuel. However, two-component-
gas tests with radial-inflow vortexes (Refs. 4, 5, and 6) have indicated that the
density of the heavy gas in the simulated fuel-containment region of the vortex (i.e.,
the relatively laminar central region) can be only slightly greater than that of the
surrounding light gas before instabllities and turbulence occur. In an open-cycle
engine the density of the fuel must be considerably greater than that of the
surrounding propellant; performance studies indicate that the fuel-to-propellant
density ratios attainable with a radial-inflow vortex are not large enough for such
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an engine. However, since the nuclear light bulb engine could utilize a heavy gas
such as neon between the fuel and the transparent wall, radial-inflow vortexes
appear suitable for nuclear light bulb engines. :

Tnitial flow visualization tests of radial-outflow vortexes (Ref. 2) indicated
that the flow was turbulent in the central region. Two-component-gas tests (Refs.

5 and 6) indicated that the density of the heavy gas In the simulated fuel contain-
ment region could be increased to a value substantially greater than the density of
the surrounding light gas. However, very few measurements had been made of heavy-
gas loss rates, particularly for conditions with large amounts of superimposed axial
flow. Thus, further research was required to determine whether radial-outflow
vortexes would be suitable for application to an open-cycle engine.

Three different experimental investigations were conducted concurrently to
investigate the characteristics of radial-outflow vortexes for potential application
to an open-cycle engine, The results of flow visualization tests directed toward
obtaining fundamental information on the stability and flow patterns of radial-
outflow vortexes are reported in Ref. 7. The results of an exploratory investi-
gation that included flow visualization tests, flow-field velocity measurements and
heavy-gas containment tests are presented in this report. The results of heavy-gas
containment tests conducted at Reynolds numbers up to those that would be required
in a full-scale engine are reported in Ref. 8. A summary of the principal results
of the fluid mechanics research conducted under Contract NASw-84T and a comparison
of the observed vortex flow characteristics with those that would be required in
both an open-cycle engine and a nuclear light bulb engine are presented in Ref. 9.

Background and Objectives of This Investigation

Several experimental studies have been performed to investigate the flow and
fuel-containment characteristics in axial-flow vortexes for application to an open-
cycle engine. Velocity measurements were made using water and air as working fluids
in the tests reported in Refs. 3, 10, and 1l. The results indicated that the axial
velocities in the central region (the fuel-containment region) of the vortexes were
undesirably large. Heavy-gas containment measurements were also made to determine
the average dwell time of simulated fuel (Refs. 4, 5, and 12). The average dwell
times measured for axial-flow vortexes were only one-half to one-third of those
measured for basic vortexes, i.e., vortexes without superimposed axial flow. The
measured containment parameters were substantially less than those estimated to be
required for a full-scale, open-cycle engine (Ref. 1). Thus, improvements in flow
and containment characteristics are needed if axial-flow vortexes are to be used for
open-cycle engines.

In vortex tubes investigated previously, an axial pressure gradient was
required to accelerate the flow toward the axial-flow exhaust annulus. The resulting



flows had a region of high axial velocities which extended inward from the peripheral
wall about half the dlstance to the center of the vortex tube, This region encom-
passed approximately three-fourths of the volume of the vortex tube. Injecting the
gsimulated propellant from the peripheral wall with an axlal component of velocity

(in addition to the tangential component) should decrease or eliminate the required
axial pressure gradient and Increase the volume within the vortex tube having low
axlal velocities. If, in addition, the method used to inject simulated fuel is
compatible with the flow patterns induced by the simulated propellant injection
configuration, improvements in containment should result.

The objectives of the research reported hereln were (1) to determine the effec-
tiveness of injecting simulated propellant from the peripheral wall with an axial
component of velocity (in addition to the tangential component) as a method for
decreasing the axlal velocities in the central region of radial outflow vortexes,
(2) to determine whether the containment time and simulated-fuel-to-propellant
density ratio can be increased using these peripheral-wall injection configurations,
and (3) to determine the effects of different simulated-fuel injection methods on
containment when used with these perlpheral-wall injection configurations.



DESCRIPTION OF EQUIFMENT AND PROCEDURES

Vortex Tube Assemblies

A sketch showing the most important geometrical features of the vortex tube
assemblies used for this program is presented in Fig. 1. Two separate vortex tube
assemblies were constructed. In both assemblies the vortex tube had an inside
dismeter of 10 in. and a length of 30 in. The assembly for the flow visualization
tests was constructed using lucite for the end walls, the peripheral wall, and the
outer cylindrical shell. The assembly for the velocity measurements and the heavy-
gas contaimment tests was constructed entirely of metal. 1In all tests the simulated
propellant (water or air) was injected from the peripheral wall through 600 directed
wall jets that were adjusted to various injection flow angles between the tangential
(i.e., circumferential) and axial directions. Additional flow to simulate fuel
(water, air or heavy gas) was usually injected from the nonaxial-flow end wall, the
axial-flow end wall, or both end walls. The mixture of simulated propellant and
simulated fuel was exhausted from the vortex tube through an annulus at the outer
edge of the axial-flow end wall. In some cases, & small amount of flow was with-
drawn at the center of the axial-flow end wall or at the centers of both end walls.
The simulated propellant was injected at the peripheral wall from ten plenums
between the vortex tube and the outer cylindrical shell of the assembly (see Fig. 1).
The flow through each plenum was metered using a variable-area flow meter.

A photograph of the vortex test apparatus assembled for velocity measurement
tests is shown in Fig. 2. The plumbing to and from the vortex tube assembly was
varied slightly for the flow visualization tests and for the heavy-gas containment
tests.

Peripheral-Wall Configurations

A sketch of a typical insert for the directed-wall-jet peripheral-wall
injection system is shown in Fig. 3a. The insert provides a duct for delivering
flow from the plenum through the peripheral wall of the vortex tube. The injection
slot was created by fastening a cap to the insert base. The slot width for all caps
was 0.300 in. and the slot heights varied from 0.030 in. to 0.060 in. in increments
of 0.005 in. (a total of seven different slot heights).

A sketch of the insert installation is shown in Fig. 3b, and a photograph of
inserts installed in the vortex tube is shown in Fig. 4. The inserts could be
rotated a full 360 deg. In the present program, flow angles from Bj= 0 deg (the
tangential direction) to Bj = 90 deg (the axial direction) were investigated. This
provided ratios of the axial component of injection velocity to the tangential
component from V&J /Vg,j = 0 to infinity. The inserts were arranged in 20 rings at



equally spaced axial stations with 30 inserts in each ring (Fig. 4). The flow to
each set of two rings of inserts was supplied from the surrounding plenum. The
plenums were separated by silicon rubber seals which were inflated after the vortex
tube was installed inside the outer cylindrical shell.

A total of seven different peripheral-wall injectlon configuratlons were
tested. Details of these conflgurations, including the injection angle and slot
height distributions, are summarized in Table I.

End Wall Configurations

The nonaxial-flow end wall configuration for the flow visualization tests and
the velocity measurements consisted of a flat disk with a 0.9-in.-dia duct at the
center for flow injection or withdrawal. A variety of nonaxial-flow end wall
configurations were used for the heavy-gas contalmment tests; all of these had
provisions for injection of heavy gas, and some had provisions for injection of both
heavy gas and light gas. These different end-wall injection configurations are
discussed below.

The axlal-flow end wall configuration for all of the flow visualization tests,
and for most of the velocity measuremements and heavy-gas contalnment testg,
consisted of a flat disk which provided an axial-flow exhaust annulus from a radius
of ry= 4.5 in. to the peripheral wall ( r, = 5.0 in.). The disk had a 0.9-in.-dia
duct at the center for flow injection or withdrawal. A photograph of the axlal-flow
end wall used in most of the veloclty measurements and heavy-gas containment tests
is shown in Fig. 5. As noted iIn Fig. 5, for some veloclty measurements the inner
radlus of the axial-flow exhaust annulus, ry , was changed to 4.75 in., 4.50 in.,
4,00 in., 3.50 in., and 3.00 in. Some of the axial-flow end walls used in the
heavy-gas containment tests also had provisions for both heavy-gas and light-gas
injection (see discussion below).

Heevy-Gas Injection

Sketches of the heavy-gas injection configurations used are shown in Fig. 6.
The primary heavy-gas injectlon configuration consisted of injection through the
0.9-in.-dia duct at the center of the nonaxial-flow end wall (Fig. 6a). A few tests
were also made with heavy-gas injection through the duct at the center of the axial-
flow end wall and simultaneously through the ducts at the centers of both end walls.
Seven other heavy-gas injection configurations were also investigated. The detalls
of these other configurations are presented in Figs. 6b through 6h and in Table II.
The configurations included a centerline porous tube (Fig. 6b), a "showerhead"
(Fig. 6c), a 6-in.-dia screen (Fig. 6d), three different configurations having
injection with swirl (Figs. 6e through 6g), and axlal injection through twelve ducts



(Fig. 6h). The heavy-gas injection areas of these configurations varied from 0.106
to 78.5 sq in.

_— e e v s mm G G e EmE e mm T e

Photogfaphs of the end walls used for the tests with light-gas injection from
the end walls with swirl are shown in Fig. 7. Light gas was injected tangentially
from all of the wall jets on the axial-flow end wall (Fig. Tb) and from the outer
three rings of wall jets on the nonaxial-flow end wall (Fig. Ta). Heavy gas was
injected through the four wall jets in the center ring and through the eight wall
jets in the second ring on the nonaxial-flow end wall (heavy-gas injection configur-
ation shown in Fig. 6g). The details of the light-gas slot size and wall jet
locations are shown in Fig. 7. The light-gas flow to each of the end walls was
metered by three variable-area flow meters. The inner radius of the axial-flow
exhaust annulus was 4.5 in.

Flow Capabilities of Facilitles

Water was used as the working fluid for the flow visualization studles. The
capacity of the flow meters limited the flow rate through the peripheral-wall
directed wall jets to 170 gpm. Additional flow was injected or withdrawn through
the ducts at the centers of both end walls. The water circulation system described
in Ref. 3 was used for the flow visualization tests.

Room-temperature alr was drawn into the vortex tube assembly through the
plenums and directed wall jets for the velocity measurements. The pressure in the
vortex tube was approximately 0.9 atm. The ten variable-area flow meters used had a
maximum total flow rate limitation of 0.9 1b/sec for room-temperature air. Addi-
tional flow was injected through the ducts at the centers of both end walls, or some
flow was withdrawn through the same ducts. The room-temperature air was used as
both a simulated propellant and a simulated fuel for these tests.

Air heated to approximately 260 F was drawn into the vortex tube to simulate
propellant in the heavy-gas containment tests. The ten flow meters had a maximum
total flow rate limitation of 0.75 1b/sec at this temperature and at pressures
slightly less than 1 atm. The pressure in the test section during these tests was
approximately 10 psi. The simulated fuel for most of the tests was a fluorocarbon
(FC-TT7, molecular weight approximately L00) manufactured by the Minnesota Mining and
Manufacturing Corporation. The maximum heavy-gas flow rate was 0.22 lb/sec.
Approximately 0.00L1 lb/sec of iodine was also injected with the heavy gas to serve
as a tracer. In some tests, flow was also withdrawn from the center of the axial-
flow end wall. '



Instrumentation and Procedures

~ For all of the tests discussed in this report, the flow conditions for the
simulated propellant are described in temms of Reynolds numbers which are defined on
the basis of a local velocity or an average flow rate in the vortex tube. These
nondimensional parameters are useful in applying the results to performance analyses
of full-scale, open-cycle engines. The tangential injection Reynolds number is
defined as

Ret,j = V,i 1 Pe/Hp, (1)
The axial-flow Reynolds number is defined as

Re, , = W, /(re)mr ,upl (2)
where Wy is the welght flow rate of simulated propellant ( Re, , 1s based on the

?
average axial veloclty through an axlal-flow exhaust annulus extending from 0.75m,
to r ). The radial Reynolds number is defined as

Re, = Wy/2mpug L (3)

where W; 1s the welght flow rate through the ducts at the centers of the end walls.
This parameter was used as a measure of the rate at which flow was injected ( Re, < O )
or withdrawn (Rer>»0) through the ducts at the centers of both end walls in the
flow visualizatlon tests and velocity measurements. Tt was also used as measure of
the rate at which the mixture of heavy gas and light gas was withdrawn through the
duct at the center of the axlal-flow end wall in some heavy-gas containment tests
(the heavy-gas injection flow rate was indicated by W).

Flow Visualilizatlon Procedures

Water with fluorescent dye as a tracer was used as the working fluid for the
flow visuallzatlion tests. Dye was injected at one or more locations on the nonaxial-
flow end wall or on the peripheral wall. Microflash photographs of the dye patterns
were taken at various times after injection when the dye concentrations were near
the peripheral wall or in the central region. The purpose of the photographs was to
show the scale of turbulence or the laminar character of the flow in various regions
of the vortex. A sketch of the optical system used to obtain dye photographs is
shown in Fig. 8. As indicated in Fig. 8, an adjusteble slit was used with a micro-
flash lamp to illuminate a plane in the fluid at the desired axial location. The
microflash lamp had an illumination duration of 0.1l microsecond. The photographs
were taken through the transparent nonaxial-flow end wall. All photographs
presented in this report were taken with the slit at a distance of z= 7.5 in. from
the nonaxial-flow end wall.



Velocity Measurement Procedures

A schematic of the equipment used for the velocity measurements is shown in
Fig. 9. The velocity measurements were made using a cobra probe which is shown in
Views B-B and C-C. The total pressure was obtained at pressure tap B. The direc-
tion of the flow was determined by balancing the pressure at tap A with the pressure
at tap C (pressures taps A and C are on planes approximately L5 deg to the plane of
pressure tap B). Taps A and C were comnected to a transducer which provided a null
or activation signal to the controller. The probe angle, BP s Was automatically
adjusted by the controller. The transducer and probe were sensitive to pressure
differences as small as about 0.002 psi. At a flow velocity of approximately 100
ft/sec the probe sensitivity was such that the probe angle could be set to within
0.5 deg. At higher velocities the flow angle could be determined more accurately
due to the increased dynamic pressure. Calibration tests were made to determine the
ratio between pg minus P (measured on the slant-board manometer) and the total
velocity head. The ratioc obtained was then used in the tests to determine the flow
velocities from pressure measurements at tap B and tap C. The radial location of
the probe was set manually using the controller.

Heavy-Gas Containment Measurement Procedures

The heavy gas used to simulate the gaseous nuclear fuel consisted of a mixture
of iodine vapor and a heavy fluorocarbon vapor, FC-T77. The ilodine was used as a
trace gas since it absorbs light at wavelengths easily detected and measured. An
iodine absorptometer was installed on the vortex tube exhaust ducts to permit the
density of iodine vapor to be determined from the amount of light absorbed. The
theoretical aspects of the absorptometer are discussed in Ref. 12; a description of
the unit employed in the present test is given in Appendix I of Ref. 12.

The amount of heavy gas stored within the vortex tube was determined from the
rate of iodine flow out of the vortex tube after the heavy gas shut-off valve was
closed. With the vortex-tube geometry and the light-gas flow parameters established,
heavy gas was injected at a constant rate. The rate of flow of heavy gas out of
the vortex was monitored using the iodine absorptometer located in the axial-flow
exhaust duct (and, when used, in the thru-flow exhaust duct at the center of the
axial-flow end wall). When the rate of flow of heavy-gas out of the vortex tube
reached a steady-state condition, the heavy-gas shut-off valve was closed. The
amount of heavy gas that had been contained in the vortex tube under steady-state
conditions was obtained from the volume flow rate of the mixture in the axial-flow
exhaust duct and the integral of the iodine density determined from the time-
dependent absorptometer signal.

The iodine vapor was the only portion of the mixture that was detected by the
absorptometer. The ratio of the FC-TT7 weight flow to the lodine weight flow in the
exhaust ducts was assumed to be the same as in the heavy-gas injection duct. This
assumption is valid since, for the flow conditions of this study, there were no
significant forces within the vortex which would separate the iodine vapor from
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FC-TT vapor within the time period required for the heavy gas to flow through the
vortex. Allowances were made for the heavy gas 1in the injection lines and exhaust
ducts when calculating the total heavy gas stored in the vortex tube from the
measurements. The injection lines (downstream of the shut-off valve) were purged
shortly after shut-off in each test.

Several parameters were calculated from the heavy-gas contaimment test data to
describe the containment characteristics. The average heavy-gas density in the vor-
tex is defined as

Pr, = Me/V | )

where ZV is the total weight of heavy gas stored and V 1is the volume of the vor-
tex tube. The heavy-gas density ratio is pF /,oP ; although it is a dependent
variable (the weight flow rate of heavy gas, W ', was the independent variable in
the experiments), it will be used as the abscissa when discussing the containment

results.

The average heavy-gas dwell time, 1 , is the average time the heavy gas
remains within the vortex tube. It is given by

te = W /W, (5)

The minimum dwell time for the light gas, if no heavy gas were contained in the
vortex, is gilven by

temin = VPe /We (6)

where W, 1is the light-gas weight flow rate and pp the light-gas density at
injection. The containment parameter is the ratio of the average heavy-gas dwell
time to the minimum dwell time,

T/ TR - TE/ e min (7)

The containment parameter will be used as the dependent variable when the results
are discussed. The light- to-heavy-gas weight flow rate ratio, Wp/Wg, can be
calculated from

Wp =.VPP|/tFMIN _ TF, / PF, 8)

We We/te TFImIN Pp,

11



A numerical example which relates the dimensionless and dimensional flow parameters
is given in the Appendix.
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DISCUSSION OF RESULTS

This report summarizes the results of exploratory studles of flow in an axial-
Plow vortex tube performed in an attempt to increase the fraction of the vortex
tube filled with heavy gas for a given ratio of simulated—propelfant flow rate to-
simulated-fuel flow rate. The specific objectives of this research were to study
the effects on the containment characteristics of changes in both the peripheral-
wall simulated-propellant injection configurations and simulated-propellant (heavy-
gas) injection configurations.

An outlline of each of the three types of tests reported herein is presented in
Table ITIT. The flow visualization tests and velocity measurements were performed
first in an effort to understand the flow characteristics of the vortexes. The
heavy-gas contalmment tests concluded the test program.

Results for three simulated-propetlant injection configurations ([% =0, 45,
and O to 45 deg) were obtained for all three types of tests noted in Table III.
Velocity measurements were obtained with three additlonal simulated-propellant con-
figurations ( Bj= 26.5,. 63.5, and O to 63.5 deg) and heavy-gas containment results
were obtained for two additional simulated-propellant injection configurations
([% =90 and O to 63.5 deg). Results presented for the flow visualization tests
and veloclity measurements were limited to a single simulated-fuel injection con-
figuration, i.e., injection through ducts at the centers of both end walls. A total
of ten heavy-gas injection configurations (see Table II and Fig. 6) are reported for
the heavy-gas containment tests.

Flow Visualization Tests

The characteristics of flow in the axial-flow vortex tube were studied using
water as the working fluid and dye as a tracer. With water as the working fluid
rather than air, the time scale of the flow is decreased by a factor of approxi-
mately 20 for the same Reynolds number due to the differences in density and vis-
cosity. As a result, the laminar or turbulent character of the flow can be more
easily discerned and a judgment about the desirability of a given flow condition
for simulated-fuel containment can be quickly made. Flow patterns were observed
for three peripheral-wall injection configurations: Bj= 0, 45, and 0 to 45 deg.
For all the flow visualization tests reported herein, a constant peripheral-wall
injection flow rate was maintained which provided an equivalent axial-flow
Reynolds number of approximetely 53,000.

Flow Patterns with Flow Injected at Centers of End Walls (Radial Outflow)

Photographs of dye patterns In the vortex tube with the peripheral-wall
injection configuration ﬁﬁ = 0 are shown in Fig. 10. The radial and tangential
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injection Reynolds numbers for this case Were Re, = -L0 and  Re;; = 164,000,
respectively. The upper photograph shows dye patterns near the peripheral wall
where, as expected, the flow was turbulent for all flow conditions; the scale of
the eddies near the peripheral wall was O.1 to 0.5 in. The lower photograph shows
the size and shape of the turbulent cells in the central region of the vortex tube.
Flow from the peripheral-wall region was convected into the cells; flow from the
central region was, in turn, convected to the peripheral wall region. The eddies
were large, encompassing almost one-half of the vortex-tube diameter, and the mix-
ing was rather irregular.

Photographs of dye patterns for flow conditions with ﬁ% = 45 deg and Re, =
-40 deg are shown in Fig. 1l. The tangential injection Reynolds number was less than
that in Fig. 10 ( Rey j = 116,000) since the injection area was the same as for
Bj = 0 but the jets were oriented at 45 deg to the local r-¢ plane. The eddies
in the central region of the vortex were approximately the same large size as for

,Bj=0.

Photographs for flow conditions with Bj = 0 to 45 deg are shown in Fig. 12.
The radial and tangential injection Reynolds numbers were Re, = -4O and Re'J =
164,000, respectively. The lower photograph shows well-ordered secondary vortex
cells which were superimposed upon the steady-state rotation. The center of two
cells can be clearly seen at the lower left-hand corner and midway along the right
side of the lower photograph. The secondary cells are rotating in the same direc-
tion as the injected flow at the outside of the vortex. The secondary cells appear
to be laminar. Visual observations also indicated that the flow in the center of the
cells passed from the center of the vortex tube toward both end walls. However, the
flow between the secondary cells had a relatively large eddy size and no regular
pattern. Similar eddies are shown in Ref. T.

The conclusion from observing the flow patterns shown in the three preceding
figures was that turbulent mixing was the dominant feature of the flow for all of
the peripheral-wall injection configurations with radial outflow. ILarge-scale
eddies occurred in the central region of the vortex with much mixing between the
central region and the peripheral-wall region.

Flow Patterns with Flow Withdrawn at Centers of End Walls (Radial Inflow)

Photographs of dye patterns in the vortex tube with the peripheral-wall injec-
tion configuration Bj = 0 are shown in Fig. 13. The radial flow rate withdrawn
through the ducts at the centers of both end walls is the same as the flow rate
injected in the three previous figures ( Re, =#0). The peripheral-wall region was
turbulent as expected; however, the central region of the vortex appeared laminar
with well-defined dye striations. A set of small eddies with a diameter of 0.5 to
1 in. was superimposed upon the flow, regularly spaced around the circumference at
a radius of approximately 2.5 in.
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Photographs of dye patterns in the vortex tube with ﬁﬁ = U5 deg are shown in
Figs. 14 and 15. The flow rates for the former figure were the same as for Fig. 13,
i.e., Re, = +40; however, the tangential injection Reynolds number is lower,

Rey j = 116,000. In Fig. 14, large-scale eddies, similar to those in the photo-
graphs with radial outflow, occurred in the central region of the vortex from the
center to- r = 4.5 in. Thus the central regions of this vortex was not stabilized
as was the vortex with ﬁﬁ = 0 deg and the same thru-flow rate. Photographs of dye
patterns with the same peripheral-wall injection configuration and double the radial
flow rate of Fig. 1 are shown in Fig. 15. The flow near the peripheral wall was
turbulent, similar to that shown in the previous five figures. At r = 3 in., the
turbulence had decreased to a low level. The central region of the vortex tube had
the laminar characteristics seen in Fig. 13; the flow was symmetric, had well-
defined dye striae, and did not have the large-scale mixing which appeared in the
previous figure. The conclusion from this discussion was that a larger amount of
radlal inflow was needed to stabilize the flow for l% = 45 deg compared with simi-
lar flow conditions for [% = 0 deg. This was probably because large secondary flows
were induced when all of the jets were directed at 45 deg.

Velocity and Static Pressure Measurements

Axlal and tangential velocity profiles and the peripheral-wall static pressures
were measured at several axial locations for six peripheral-wall injection con-
figurations, as indicated in Table III. The equivalent axial-flow Reynolds number
for these tests was approximately 108,000 rather than 53,000 as in the flow visuali-
zation tests. The flow rate was increased to increase the velocity and dynamic
pressure levels within the vortex tube and hence increase the gensitivity of the
velocity probe measurements.

Effects of Peripheral-Wall Injection Configurations on Velocity Profiles

Y?iQEiEX_PEPEiEei at Different Axial Stations

Axial and tangential velocity profiles are shown in Figs. 16 to 21 for
peripheral-wall injection configuration of fB; =0, O to 45,0 to 63.5, 26.5, 45,
and 63.5 deg. Profiles were measured with flow injected at the centers of both end
walls. For fBj =0, O to 45,and O to 63.5 deg (Figs. 16 to 18), the tangential
velocity profiles appeared to be independent of axial station for a given flow con-
dition. The axial velocity increased regularly from the nonaxial-flow end wall to
the axial-flow end wall in the high-axial-velocity region. This regularity will be
shown again later. In Fig. 16, the region of high axial velocity extended well past
the inner radius of the axial-flow annulus, rs , into the central region of the
vortex tube (ry was L.5 in. for these tests). The axial velocity profiles for
ﬁﬁ = 0 deg show a relatively large amount of cognterflow in the central region of
the vortex tube from a radius of 3 in. to approximately 1 in., i.e., a region of
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axial velocity toward the nonaxial-flow end wall. The tangential velocity profiles
for z = 28.5 in. were not identical to those at the other axial locations; this

was probably because a large amount of secondary flow occurred along the axial-flow
end wall and influenced the tangential velocilty profile by the recirculation of flow
radially outward in this region. That is, near the axial-flow end wall there was a
relatively large amount of flow (1) radially inward along the end wall, (2) axially
at mid-radii from the end wall toward the central region of the vortex tube, and

(3) radially outward into the high-axial-velocity region at values of 2 greater
than approximately 22 in.

For pBj=0 to 45 deg, Fig. 17, the counterflow at the central region of the
vortex tube was less at r = 2.5 in. than for Bj = 0 deg. The average axial
velocities were less than 5 ft/sec at most of the axial stations for radii less than
approximately 3.0 in. and appeared to provide a favorable flow condition for heavy-
gas containment. TFor Bj = 0 to 63.5 deg, Fig. 18, the region of relatively high
axial flow was confined to radii greater than 3.5 to 4 in. The maximum counterflow
velocity near the axial-flow end wall was less than 10 ft/sec and the counterflow
velocities at the other stations were less than 5 ft/sec.

The tangential velocity profiles for l% = 26.5 deg (Fig. 19) do not vary much
with axial location. However, when fBj was increased to 45 deg (Fig. 20), the
tangential velocity profiles changed appreciably from z = 4.5 in. to 2z = 28.5 in.
The axial variation of the tangential velocity profiles was even more pronounced
for Bj = 63.5 deg (Fig- 21); for this case, the tangential velocity near the
nonaxial-flow end wall is very low at all radii, characteristic of very strong
radial outflow. The axial velocity profiles for Bj = 26.5, 45 and 63.5 deg (Figs.
19 to 21) show a counterflow at z = 4.5 in. between radii of 4.5 in. and 3.5 in.

Reduced Axial Velocity Profiles

The reduced axial velocity profiles for Bj = 0, O to 45, and 0 to 63.5 deg
(Fig. 22) were obtained by dividing the local axial velocities by the local z. 1In
all tests discussed so far, the injection flow rate per unit length along the vor-
tex tube was constant; therefore, the average axial velocity was proportional to z.
For these configurations, the axial velocity profiles for <z 2 10.5 in. can be repre-
sented by a common curve for each flow condition. The reduced axial velocity pro-
files for Z = L.5 in. were not the same as the common curve because the flow in
this region was influenced by the secondary flow on the nonaxial-flow end wall.

Recall (Figs. 16 to 18) that the tangential velocity profiles for these cases
were independent of axial location. Analysis showed that, for constant total
viscosity and conditions where the tangential profile is independent of axial loca-
tion and where the axial flow is proportional to z, a similarity parameter for an
axial-flow vortex can be obtained. The flow in the high-velocity region of these
vortexes appears to be subject to such analysis.
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Configurations

Comparisons of the axial and tangential velocity profiles obtained at z = 16.5
in. are shown in Fig. 23 for fBj =0, O to %5 and © to 63.5 deg and in Fig. 24 for
Bj; = 0, 26.5, 45, and 63.5 deg. The velocity profiles in Fig. 23 show that the
tangential velocity increases with a decrease in radius for radial regions where
there is a high axial velocity (caused by the inflow of angular momentum due to the
large radial flow rate required to Till the axial velocity profile). The tangen-
tial velocity for Bj = 0 1increased from the wall to a radius of 3.5 in.; the pro-
file for fB; = 0 to 63.5 deg increased only from the wall to a radius of 4.7 in.
In Fig. 24, the tangential injection velocities are different for the four cases

" because the jet injection velocity,.vj y Wwas constant and Vp,i = VjCOSl%- Of the
axial profiles shown in Fig. 24, the profile for ﬁ% = 45 deg has the lowest veloc-
ity in the central region of the vortex tube and appeared most favorable for heavy-
gas contalnment.

Effects of Peripheral-Wall Injection Configuration on Pressure Distributins

The peripheral-wall static pressure distributions for Bj =0, O to 45, and
0 to 63.5 deg and for Bj =0, 26.5, 45, and 63.5 deg are shown in Figs. 25 and 26,
respectively. The static pressures were measured at the same axial stations as the
velocity profiles. For Bj = 0 deg (Fig. 25), the peripheral-wall pressure distri-
butlon decreased nearly parabolically with distance from the nonaxial-flow end wall.
This pressure decrease was necessary to induce axial velocities in the high-axial
velocity region. The static pressure decrease from 2z = 4.5 in. to z = 30 in.
was approximately twice the dynamic head of the maximum axial velocity at z = 30
in. The pressure distribution for Bj =0 to U45 deg is almost constant along the
entire length of the vortex tube; this characteristic was desired because 1t was
felt that a constant peripheral-wall pressure distribution would minimize the
counterflows in the central region of the vortex tube and minimize the heavy-gas
loss for a given configuration. The pressure distribution for ﬁ% =0 to 63.5 deg
shows a relatively large pressure rise with increasing 2z . This was probably
because the increase in axial injection velocity with distance z was greater than
required to overcome the axial pressure gradient required to accelerate the flow
axially.

The pressure distributions for the cases with constant [ (Fig. 26) show
variations with axial location for all cases. For [% = 26.5 deg, the pressure is
constant 1n the central region of the vortex tube from 2z =10 in. to z = 22.5 in.;
however, a pressure drop occurs hear the axial-flow end wall. This pressure drop
was probably necessary to accelerate the flow through the axial-flow exhaust annulus.
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Comparison of Tangential Velocity Profiles Obtained with Probe and End-Wall Static
Pressure Measurements

The tangential velocity profiles for 2z = 4.5 in. presented in Figs. 16, 17,
18, 20 and 21 are shown as dashed lines in Fig. 27. The velocity profiles obtained
from radial gradients of end-wall pressure are shown as solid lines. Good agree-
ment between the two methods was obtained for [% =0, O tol5, and O to 63.5 deg.
These were configurations which had small counterflow velocities near the nonaxial-
flow end wall. The poor agreement obtained for Bj = L5 and 63.5 deg was probably
due to the large radial variation of counterflow velocities near the nonaxial-flow
end wall; consequently, a radial variation in the axial pressure gradient between
z =U4.5 in. and the peripheral wall was required to decelerate this flow. Another
reason for the poor égreement may be that the pressure differences for these cases
are smaller, due to the lower tangential velocities for these two cases.

Effects of Changes in Radial Reynolds Number

The effects of changes in radial Reynolds number on axial and tangential veloc-
ity profiles are shown in Figs. 28 and 29 for Bj =0 to 45 deg and for Bj =0
to 63.5 deg, respectively. Profiles were obtained at 2z = 16.5 in. for constant
peripheral-wall injection conditions for each configuration. In both figures, the
tangential velocity profiles obtained for Re, = -105, O, and +24 are approxi-
mately the same., When the Re, was increased to +100, the tangential velocity dis-
tribution showed an increase in angular velocity (Vg/r) with decreasing radius.
The axial velocity profiles for both of these cases are independent of radial Rey-
nolds number.

Effects of Inner Radius of Axial-Flow Exhaust Annulus on Velocity Profiles

The effects of changes of the inner radius of the axial-flow exhaust annulus
on the velocity profiles for B] =0 to 63.5 deg are shown in Fig. 30. For this
peripheral-wall injection configuration, the axial velocity profiles were virtually
unaffected by changes in the inner radius for ry = 3.0, 3.5, 4.0, 4.5 and 4.75 in.
The tangential velocity profiles are also essentially independent of rg for
rs 2 3.5 in. For ry = 3.0 in., the tangential velocity profile shows a moderate
increase in tangential velocity with decrease in radius compared with the tangential
velocity profiles obtained for the previous four cases.

Conclusions from Velocity Measurements and Flow Visualization Tests

Results from some of the velocity measurements, e.g., Bj = 0 to 45 deg, indi-
cate that axial-flow vortexes with superimposed axial flow should have favorable
heavy-gas containment characteristics since low axial velocities were obtained in
the central region of the vortex tube. However, the flow visuvalization studies
showed that large-scale turbulent mixing occurred even though the average axial
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velocities were relatively low. Thus, the overall results from the one-component
flow studies show that although the desired objective of obtaining low axial veloc-
ities in the central region of the vortex tube was obtained, the .total result of
having a desirable fuel-contaimment region was not obtained. Analytical stability
studies for turbulent flow (Ref. 13) or for laminar flow with small disturbances
(Ref. 1h) show that radial gradients of axial velocity (axial shear) decrease the
stability of a given flow. From the flow visualization photographs (Fig. 12) and
the velocity profiles (Fig. 17) it is concluded that,at least for some conditions,
the axial shear caused the flow to become unstable and form a regular flow pattern
of small-scale vortexes. A similar effect was reported in Ref. T when moderate
axial flows were superimposed on a vortex flow. The effect of peripheral-wall
injection with an axlal velocity component on heavy-gas containment will be dis-
cussed in subsequent sections.

Heavy-Gas Containment Tests

The amount of heavy gas in the vortex tube during steady-state flow conditions
was measured for five peripheral-wall injection configurations and ten heavy-gas
injection configurations. The principal flow condition consisted of an equivalent
axlal-flow Reynolds number of approximately F%e‘,_,w = 74,000 and heavy-gas injection
at the center of the nonaxial-flow end wall. Containment times for this flow con-
dition were measured for Bj =0, 45, 90, O to 45 and O to 63.5 deg. An outline
of the contaimment tests including other variations in geometry and flow rates is
shown in Table IIT.

Heavy-Gas Injection at the Centers of the End Walls

Standard Configurations

The variation of contaimment parameter with heavy-gas density ratio is shown
in Fig. 31 for all peripheral-wall injection configurations tested with heavy-gas
injection at the center of the nonaxial-flow end wall or the centers of both end
walls. For some peripheral-wall injection configurations, data were also obtained
with heavy-gas injection at the center of the axial-flow end wall. For reference,
lines indicating a constant ratio of light-gas flow rate to heavy-gas flow rate,
Wp/W., are shown. The light-gas (air) was injected at a constant flow rate per
unit length for these tests with an axial-flow Reynolds number of approximately
Rez,W = Th,000. The containment parameters were usually highest for heavy-gas
injection at the nonaxial-flow end wall and lowest for heavy-gas injection at the
axial-flow end wall (see, for example, Figs. 3lc and 31d). The containment
parameters for heavy-gas injection at the center of both end walls were not much
less than for injection at the center of the nonaxial-flow end wall. Curves are
faired through the data from tests with heavy-gas injection at the nonaxial-flow
end wall. TFor all configurations except ﬁﬁ = 90 deg, the containment parameter
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was a maximum at low values of density ratio and decreased to approximately half the
maximum value at a density ratio of 0.T7. For ﬁﬁ =.90 deg, the containment param-
eter was almost constant for changes in heavy-gas density ratio from.0.06 to 0.7

(Fig. 31f).

A comparison of the variation of containment parameter with heavy-gas density
ratio for tests with all peripheral-wall injection configurations and with heavy-
gas injection at the nonaxial-flow end wall are presented in Fig. 32. The highest
ontainment parameters were obtained for peripheral-wall injection configurations
of l% = 45 and O to 63.5 deg. Containment data were obtained with the vortex-tube
axis horizontal for B; =0, O to 45, 0 to 63.5, and 45 deg; containment data were
obtained with the vortex—tube axls vertical for B] = 45 and 90 deg. The data for
ﬁ% = 45 deg with the vortex-tube axis horizontal and vertical show no appreciable
effect of axis orientation on the variation of containment parameter with heavy-gas
density ratio. The variation of the containment parameter at a heavy-gas density
ratio of 0.2 with the maximum injection angle for each peripheral-wall injection
configuration is shown in Fig. 33. These containment parameters are from Fig. 32.
For the injection configurations where ﬁﬁ is a constant along the length of the
tube, the containment parameter appears to peak between Bj =45 and 90 deg. For
Bj =0 to 4s and 0 to 63.5 deg, the contaimment parameter increased appreciably
as the maximum injection angle was increased. However, it is desirable to minimize
the maximum angle in a full-scale engine since propellant flows with very large
axial velocities near the peripheral wall require a larger propellant flow rate to
absorb the radiant heat transfer from the fuel region (Ref. 15).

Effect of Flow Withdrawal at_Axial-Flow End Wall_

The effect of flow withdrawal at the center of the axial-flow end wall on the
variation of contaimment parameter with heavy-gas density ratio is shown in Fig. 3k.
Other parameters for these tests were l% =0 to 63.5 deg, heavy-gas injection at
the center of the nonaxial-flow end wall, ReZw & 74,000 and RetJ 230,000.
Heavy~gas contaimment parameters were obtained for radial Reynolds numbers (a mea-
sure of the amount of thru-flow withdrawn) of Re, = +51, +68 and +93. The results
show no large effect of radial Reynolds number on the variation of containment
parameter with heavy-gas density ratio. The containment parameters at heavy-gas
density ratios of about 0.15 are approximately 30 percent less than were obtained
with no thru-flow and the same peripheral-wall and heavy-gas injection configura-
tions; the containment parameters at heavy-gas density ratios of 0.6 are approxi-
mately the same. For these tests with thru-flow, at least 90 percent of the heavy
gas was exhausted through the axial-flow annulus. The ratio of the weight flow rate
withdrawn at the center of the axial-flow end wall to the heavy-gas weight flow rate
injected at the center of the nonaxial-flow end wall varied from 0.13 to 1.0; how-
ever, the ratio of the volume flow rates varied from 1.8 to 1k.
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Effect of Axial Variation of Light-Gas_Injection Flow Rate

The effect of changes in light-gas injection flow rate with axial distance
along the peripheral wall on the variation of contaimment parameter with heavy-gas
density ratio is shown in Fig. 35. Containment data were obtained for Bj =0 to
63.5 deg, heavy-gas injection at the center of the nonaxial-flow end wall and
Rez’w =~ 43,000. The results for injection flow rate constant along the peripheral
wall were similar to those previously shown in Fig. 31lc for Re = T4,000. The

zZ,w
tangential injection Reynolds number for this flow condition was Retj = 125,000.
]
The first change was to ramove the seals between the plenums and to egualize
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the pressure in the plenums. This provided approximately constant total injection
velocity but a tangential component which varied from a large value at the
nonaxial-flow end wall to a low value at the axial-flow end wall; the tangential
injection Reynolds number at z =0 was Re.; = 171,000 and at 2z =30 in. was
RetJ = 76,000. The containment parameters are slightly less than were obtained
for the previous condition.

The second change was to increase the light-gas injection flow rate linearly
with distance so that the injection flow rate at the axial-flow end wall was 50
percent greater than at the nonaxial-flow end wall. The tangential injection
velocity and the tangential injection Reynolds number were increased proportion-
ally, Re,J varying from 100,000 to 150,000. The containment parameters for
tests with this second change were increased 40 to 60 percent at the same heavy-
gas density ratios compared with the standard condition (injection flow rate con-
stant along the wall). For this second change, the average distance that the

injected flow travels within the tube decreased compared with the standard condition.

If a larger simulated-propellant flow rate were injected immediately upstream of
the axial-flow end wall annulus, the containment parameters would be increased fur-
ther; however, this is not practical for a full-scale engine since the propellant
would not absorb a significant amount of heat from the fuel region in the short
time it was in the cavity.

Effect_of Changes in Axial-Flow Reynolds Number

The variations of containment parameter with heavy-gas density ratio for
ReZw = 40,000 and Th,000 are compared in Fig. 36. Containment parameters are com-
pared for Bj—-O 45 and 90 deg with heavy gas injected at the center of the
nonaxial-flow end wall. In the tests with B = 0 the vortex-tube axis was hori-
zontal; in the tests with B =45 and 90 deg the vortex-tube axis was vertical.
The containment results for Bj =45 and 90 deg show very little effect of axial-
filow Reynolds number. Although the contaimment parameters for ﬁﬁ = 0 are higher
for Rez’w = 40,000 than for Rez,w = TH,OOO, the principal effect on the contain-
ment parameter appears to be the peripheral-wall injection configuration.

21



Heavy-Gas Injection at Other Locations

The effect of heavy-gas injection from a porous tube along the centerline
(Fig. 6b) on the variation of contaimment parameter with heavy-gas density ratio is
shown in Fig. 37. Other flow parameters were [j =0 to 45 deg and Re, w= T4,000.
The containmemt parameters obtained with the porous tube are about 20 percent higher
than with heavy-gas injection at the center of the nonaxial-flow end wall for a
heavy-gas density ratio of 0.1, and approximately double for a heavy-gas density
ratio of 0.6. Although the containment parameters were higher with a porous tube,
additional testing was not pursued because the porous tube is not practical for the
full-scale engine.

The effect of heavy-gas injection from a "showerhead" on the variation of
containment parameter with heavy-gas density ratio is shown in Fig. 38. The
"showerhead" consisted of 30 hypo tubes mounted at the center of the nonaxial-flow
end wall (see Fig. 6c). Tests were made with and without thru-flow withdrawal at
the center of the axial-flow end wall (radial Reynolds numbers of Re, = 0, +50 and
+110). Other flow parameters for these tests were ﬁﬁ =0 1o 63.5 deg and Rezw =
74,000, The variations of containment parameter with heavy-gas density ratio Were
not affected by these changes in radial Reynolds number. The containment parameter
obtained with the "showerhead" at heavy-gas density ratios of 0.2 were approximately
the same as were obtained with injection at the center of the nonaxial-flow end wall;
however, an increase in the containment parameters was obtained for heavy-gas den-
sity ratios above about 0.5.

To further decrease the average heavy-gas axial velocity at injection, a 6-in.-
dia screen was mounted on the nonaxial-flow end wall (Fig. 6d). Containment param-
eters were obtained for this heavy-gas injection configuration with . =0 to
63.5 deg, with ReZw = 74,000, and with and without thru-flow withdrawal at the
center of the nonaxial-flow end wall (radial Reynolds numbers of Re, = 0, +T7k, and
+110). The variation of contaimment parameter with heavy-gas density ratio (Fig.
39) was again independent of radial Reynolds number. The containment parameters
are 30 to 40 percent lower than those obtained with heavy-gas injection through the
center of the nonaxial-flow end wall for heavy-gas density ratios of 0.15 but are
slightly higher for heavy-gas density ratios above 0.5.

Effect_of Heavy-Gas Injection with Swirl

Heavy gas was injected with swirl through 16 wall jets mounted on the nonaxial-
flow end wall (Fig. 6e). Other flow parameters for this test were BJ = 0 deg,
ReZw = T4,000 and radial Reynolds numbers of +6T7 and +l00. The variation of con-
tainment parameter with heavy-gas density ratio (Fig. 40) shows that containment
parameters of approximately 4 to 5 were obtained for density ratios as high as O.k.
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These contaimment parameters, which appear to be independent of heavy-gas density
ratio, are 2 to 3 times as high as the containment parameters obtained for [ =0
with heavy-gas injection at the center of the nonaxial-flow end wall {the curve from
Fig. 3la is shown for reference). The ratio of the heavy-gas weight flow through the
axial-flow annulus to the total heavy-gas weight flow through the vortex is shown in
Fig. 41 as a function of heavy-gas density ratio for the configuration of Fig. LO.

A large fraction of the heavy gas was exhausted at the center of the axial-flow end
wall for tests with relatively low heavy-gas density ratios.

Additional tests were performed using a mixture of nitrogen and iodine as the
heavy gas rather than the mixture of FC-TT and iodine used for all other tests
reported herein. For the configuration of Fig. 40, essentially all of the heavy
gas was exhausted from the vortex at the center of the axial-flow end wall. The
heavy-gas density ratios obtained were less than 0.05 but the heavy-gas volume

fraction of the vortex tube was approximately the same as for the tests with FC-77.
A limited number of containment parameters were measured for f[B; = 0 to 45 deg
with the nitrogen and iodine injected with swirl. Comparison of the data for
peripheral-wall injection configurations fj =0 and B]= 0 +to 45 showed that
approximately the same containment parameters were obtained for both peripheral-
wall injection configurations. This was probably because higher thru-flow rates
have to be withdrawn to stabilize the vortex flow with Bj > 0. The conclusion was
that the heavy-gas injection configuration has to be compatible with the flow con-
ditions existing due to the peripheral-wall injection configuration and thru-flow
withdrawal in order to obtain increased or optimum heavy-gas time constants.

Containment tests were made with heavy-gas injection through 15 l/8—in.-dia
hypo tubes mounted at =z = 1.5 in. and r = 4.5 in. along the peripheral wall. The
ends of the hypo tubes were bent to 60-deg angles with the local tangent (Fig. 6f).
Other flow parameters for these tests were fj =0 deg, Re,,= 40,000, and radial
Reynolds numbers of Re, = 0, +59, and +104. The variation of containment parameter
with heavy-gas density ratio (Fig. 42) showed essentially no effect of radial
Reynolds number on the containment parameter. The containment parameters increased
slightly with increasing heavy-gas density ratio. The concentrations of heavy gas
in the axial-flow annulus and in the thru-flow duct at the center of the axial-Tlow
end wall were approximately equal; thus, the flow was almost fully mixed near the
axial-flow end wall.

Light gas was inJjected with swirl from the axial-flow end wall or both end
walls in an attempt to induce a rotating flow with moderate angular momentum and
low average axial velocities in the central region of the vortex. Photographs of
the end walls used for these tests are presented in Fig. T along with details of
the injection configuration. Heavy gas was also injected from the nonaxial-flow
end wall with swirl (Fig. 6g) and without swirl (Fig. 6h). Other flow parameters
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for these tests were fBj =0 to 45 deg, Re, W~ 40,000 and Vg j ¥ 150 ft/sec.
Pata were obtained for approximately 10 combinations of light-gas injection flow
rates and heavy-gas injection configurations. Data for three combinations which
jllustrate the principal effects are presented in Figs. 43 and 44. A comparison
of the contaimment parameters for tests with light-gas injection with swirl at both
end walls and at only the axial-flow end wall are shown in Fig. 43 for heavy-gas
injection with swirl from the nonaxial-flow end wall. The light-gas injection
velocities at the end walls were 227 ft/sec at the axial-flow end wall and 173
ft/sec at the nonaxial-flow end wall, compared with 150 ft/sec for the tangential
injection veloeity, Vg - The purpose of high end-wall velocities is to promote
a secondary flow outward along the end walls. Analysis and experiments in a basic
vortex tube for this secondary-flow control method are reported in Ref. 11.

The variation of containment parameter with heavy-gas density ratio shows that
containment parameters of approximately b to 5 were obtained for light-gas injection
from the axial-flow end wall only (Fig. 43). Lower heavy-gas containment parameters
were obtained for light-gas injection from both end walls. The decrease in contain-
ment parameter with injection from the nonaxial-flow end wall was probably due to
entrainment of the heavy gas by the swirling light gas. The curve for heavy-gas
injection injection at the center of the nonaxial-flow end wall (from Fig. 3la) is
also shown for comparison. The containment parameters obtained for light-gas injec-
tion from only the axial-flow end wall were approximately 30 percent higher than for
heavy-gas injection from the center of the nonaxial-flow end wall.

A comparison of containment parameters for heavy-gas injection from the
nonaxial-flow end wall with swirl and without swirl is shown in Fig. 44 for light-
gas injection with swirl from only the axial-flow end wall. The containment results
for heavy-gas injection with swirl from the nonaxial-flow end wall are approximately
20 to 30 percent higher for heavy-gas density ratios from 0.3 to 0.7 compared with
the containment results for heavy-gas injection without swirl through twelve 0.5-in.-
dia ducts (see Fig. 6h). The results for injection without swirl through the twelve
0.5-in.-dia ducts are approximately equal to those obtained for heavy-gas injection
through a duct at the center of the nonaxial-flow end wall. Since injection from the
twelve 0.5-in.-dia ducts provides about the same results as injection from the center
of the nonaxial-flow end wall, it was concluded that there was no net effect of light-
gas injection from the axjal-flow end end wall for this peripheral-wall injection con-
figuration.
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A large number of geometries and flow conditions are in the preceding sections.
Since many of the tests were exploratory, some of the test results are less signifi-
cant than others. In this section, the principal results are outlined without
detail but with reference to particular figures. Further discussion of a particular
test or result can be obtained from the preceding sections.

Flow Visualization Tests

Flow visualization tests were performed with fluid (simulated-fuel) injected
from ducts at the centers of both end walls (radial-outflow vortexes) or with fluid
withdrawn through these ducts (radial-inflow vortexes). Tests were made with
peripheral-wall injection configurations in which the axial component of the injec-
tion velocity was zero ( Bj= 0), equal to the tangential component of the injection
velocity ( Bj= Ls deg), and proportional to the distance from the nonaxial-flow
end wall ( B, =0 to 45 deg). The principal results of these tests are:

1. ILarge-scale mixing occurred between the central region and the
peripheral-wall region for all peripheral~wall configurations
with radial-outflow vortexes (Figs. 10 to 12).

2. Approximately 2 percent of the flow had to be withdrawn from the
center of the end walls to obtain laminar flow in the central region
for Bj= 0 (Fig. 13). Approximately L4 percent had to be withdrawn
to obtain laminar flow in the central region for l% = 45 deg and
Bj =0 to 45 deg (Figs. 14 and 15).

3. The region near the peripheral wall was turbulent for all peripheral-
wall configurations and flow conditions tested (Figs. 10 to 15).

Velocity Measurements

Pitot-probe measurements were made with peripheral-wall injection configura-
tions of fBj =0, O to k5, 0 to 63.5, 26.5, 45 and 63.5 deg. Flow was injected
or withdrawn through ducts at the centers of both end walls. The principal results
of these measurements are:

1. Measurements in radial-outflow vortexes indicated that the
average axial velocities in the central region were substantially
decreased for some peripheral-wall injection configurations
(Figs. 17 and 20). Therefore, the volume of the vortex

25



potentially available for simulated-fuel containment was
increased.

2. The axial velocity profiles were similar at different axial
stations for B =0, O to 45, and O to 63.5 deg (Fig. 22) and the
reduced axial velocity profiles, VZ/Z, were essentially indepen-
dent of axial location for these peripheral-wall injection con-
figurations. Also, the tangential velocity profiles did not
change appreciably with axial location.

3. The axial and tangential velocity profiles for B; = 26.5, 45 and 63.5
deg varied with axial location and thus were not similar (Figs. 19

to 21).

4., For a given peripheral-wall configuration, axial velocity profiles
were not appreciably altered by (a) changing from radial-outflow
to radial-inflow vortexes (Figs. 28 and 29), or (b) changing the
inner radius of the axial-flow exhaust annulus (Fig. 30) for
Bj = 0 to 63.5 deg.

Heavy-Gas Containment Tests

The average time the heavy gas remained in the vortex tube (dWell time or time
constant) was measured using air as the simulated propellant and a heavy gas (a
fluorocarbon, FC-T7) as the simulated fuel. Dwell times were measured for peripheral-
wall configurations of Bj = 0, 45, 90, O to 45 and 0 to 63.5 deg with ten heavy-gas
injection configurations. The results were expressed in terms of the contaimment
parameter Tg /Tr N (the ratio of the average dwell time of the heavy gas to the
average dwell time of the light gas) and the heavy-gas density ratio /5,:'/,0PI
(the ratio of the weight of heavy gas stored divided by the total volume of the
vortex tube to the density of the light gas at injection). Most of the tests were
performed at an axial-flow Reynolds number of Re; , = Th,000 and with heavy-gas
injection from a duct at the center of the nonaxial-flow end wall (radial outflow).
The values of the simulated-fuel contaimment and flow parameters required for a
practical full-scale engine are TFI/TFIMMJ= 150, pFl/pPI = 10, and Rez’w =
500,000 (Ref. 9). The principal results of these tests are:

1. The containment parameters obtained with an axial component of
peripheral-wall injection velocity (l% > 0) were higher than
those obtalned with zero axial component (/% = 0). Maximum
containment parameters of approximately T@I/TFIMlN =T were
obtained for B =45 and O to 63.5 deg at heavy-gas density
ratios between PF|/PP| = 0.1 and 0.2. This was approximately
three-and-one-half times as large as the maximum containment
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parameter obtained with Bi = 0 at the same heavy-gas density
ratios (Fig. 32).

2. Tor most peripheral-wall injection configurations tested, the con-

tainment parameter decreased to approximately 50 percent of the

ainment parameter decreased to approxima percent the
maximum value at heavy-gas density ratios of approximately
Pr,/Pp, =0.T. However, for Bj = 90 deg, the containment
parameter did not vary with density ratio (Fig. 32).

3. No significant improvements in the containment parameter were
obtained with changes (a) in the axial-flow Reynolds number
(Fig. 36), (b) in the amount of flow withdrawn at the center of
the axial-flow end wall (Fig. 34), and (c) in the orientation of
the axis of the vortex tube from horizontal to vertical (Fig. 32).

L, mo significant improvements in the containment parameter were
obtained (a) with heavy-gas injection through a 6-in.-dia screen
and a "showerhead" at the center of the nonaxial-flow end wall
(Figs. 38 and 39), and (b) with light-gas injection with swirl from
the axial-flow end wall or from both end walls (Figs. 43 and hi).

5. The best combination of simulated-propellant and simulated-fuel
injection methods provided containment parameters that are between
one and two orders of magnitude lower than are required for a prac-
tical full-scale engine (Fig. 32 and Ref. 9).

Concluding Remarks

The velocity measurements indicate that the time-averaged axial velocities in
the central region of the vortex could be substantially decreased for some flow
conditions and peripheral-wall injection configurations. However, the flow visual-
ization tests showed that turbulent mixing was also a dominant feature in vortexes
where low average axial velocities were obtained in the central region. In fact,
the turbulence and large-scale eddies appeared to increase for tests with Bj > 0.
Theoretical studies of rotating flows also indicate that axial shear will decrease
the stability of laminar flows to small disturbances (Ref. 14) and will decrease
the damping of turbulent fluctuations (Ref. 13). Concurrent experimental studies
(Ref. T7) indicated that increasing the axial flow, and hence the shear, will cause
turbulence or instabilities in an established laminar rotating flow.

Results from the heavy-gas containment tests indicate a moderate increase in
containment parameter could be obtained for peripheral-wall injection configurations
with Bj > 0. However, the increase in heavy gas stored due to decreased axial con-
vection was probably offset somewhat by the increased turbulent diffusion and radial
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convection. . The increased containment parameters obtained in this investigation
were not obtained in the investigation reported in Ref. 8 in which contaimment
measurements were made at Reynolds numbers up to the value required for a full-
scale engine (Rez,w = 480,000). In conclusion, the containment parameters

obtained from the present tests and the containment parameters obtained from the
present tests and the tests of Ref. 8 are more than one order of magnitude less

than the value now estimated to be required for economical operation of a full-scale,
open-cycle gaseous-core nuclear rocket.
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Re,

LIST OF SYMBOLS

Heavy-gas injecﬁion area., ft2 or in.2

Peripheral-wall simulated-propellant injection area, ft2 or in.2
Length of vortex tube, ft or in.

Local pressure, 1lb/ft<

Pressure of heavy gas or simulated fuel at injection, psia
Pressure of light gas or simulated propellant at injection, psia
Pressure at r = 4.75 in. on nonaxial-flow end wall, lb/ft2

Iocal radius from centerline of vortex tube, ft or in.

Radius of vortex tube and outer radius of axial-flow exhaust annulus
(see Fig. 5), ft or in.

Inner radius of axial-flow exhaust annulus (see Fig. 5), ft or in.

Radial Reynolds number, indicates thru-flow rate injected (negative)
or withdrawn (positive) through ducts at the centers of both end
walls for flow visualization tests and velocity measurements; in-
dicates thru-flow rate withdrawn (positive), if any, through ducts
at center of axial-flow end wall for heavy-gas containment tests,
WT/Z'W;LPIL , dimensionless

Tangential injection Reynolds number based on peripheral-wall sim-
ulated-propellant tangential injection velocity, Y#] " pP /}LP 5
dimensionless ' ' !
Equivalent axial-flow Reynolds number based on average velocity at an
exhaust annulus extending from r/r =0.75 to r/r =10, WP/(7/I6) T
dimensionless I
Temperature of heavy gas or simulated fuel at injection, deg F

Temperature of light gas or simulated propellant at injection, deg F

Average dwell time of heavy gas in vortex, " /W. , sec
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z,W

LIST OF SYMBOLS (Cont'd)

Average dwell time of light gas in vortex, Vp,/W, , sec
1

Volume of vortex tube, V ='ﬁqzl_, £t3

Local simulated-propellant peripheral-wall injection velocity, ft/sec

Average simulated-propellant peripheral-wall injection velocity,
W, / (,oP| A) , Tt/sec

Local axial velocity, ft/sec

Local axial component of peripheral-wall injection velocity,
Vz,j = Vj sin ,BJ 5 f‘b/sec

Average axial velocity across r-¢ plane of vortex tube at local
axial station, ft/sec

Average axial velocity thet the simulated propellant would have if

exhausted through an annulus extending from t/r =075 to r/r=10,
2

Wo /(T/18) T " ft/sec

Local tangential velocity, ft/sec

Local tangential component of peripheral-wall injection velocity,

V; cos Bj , ft/sec

Average tangential component of peripheral-wall injection velocity,
ft/sec

Tangential injection velocity of light gas injected from axial-flow
end wall with swirl, ft/sec

Tangential injection velocity of light gas injected from nonaxial-
flow end wall with swirl, ft/sec

Total weight flow rate of heavy gas or simulated fuel, 1b/sec

Weight flow rate of heavy gas or simulated propellant withdrawn
through axial-flow exhaust annulus, 1lb/sec

Total weight flow rate of light gas or simulated propellant, lb/sec
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LIST OF SYMBOLS (Cont'd) . )

Weight flow rate inJjected or withdrawn through ducts at both end
walls for flow visualization tests and velocity measurements; weight
flow rate withdrawn through duct at center of axial-flow end wall
for heavy-gas containment tests, 1b/sec

Total heavy gas or simulated fuel stored in vortex tube, 1b

Toﬁal light gas or simuiated propellant stored in vortex tube, 1b
Axial location measured from nonaxial-flow end wall, ft or in.

Angle between f3. plane and centerline of peripheral-wall simulated-
propellant injection jet (see sketch in Table I), Bj =f°”4(VEJ/V¢,j)

deg

Maximum value of peripheral-wall simulated-propellant injection
angle, deg

Angle between r-¢ plane and centerline of velocity probe,

(see Fig. 9), deg

Dynamic viscosity of light gas or simulated propellant at injection,
1b/(sec-ft)

Heavy-gas or simulated-fuel density at injection, lb/ft3

Volume- averaged density of heavy gas stored in vortex tube, pF =
We/mr 2L, b/re3

Light-gas or simulated-propellant density at inJjection, lb/ft3

Dimensionless average time constant for heavy gas or simulated fuel
- 2

e 1F/(pP‘ rl/'u'Pl)

Dimensionless average time constant for light gas or propellant,

T =t / 2y
Fimin  FimiN Qoplr‘ }LPI)

Azimuthal angle, deg or radians
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APPENDIX

RELATIONS BETWEEN DIMENSIONLESS AND
DIMENSIONAL VORTEX FLOW CONTAINMENT PARAMETERS

A1l data described in the present report were obtained using a vortex tube
having the following geometry:

0.416 ft
length, L = 2,5 ft

radius, T,

1.36 £t3

volume, vV

The approximate properties of the simulated-propellant and simulated-fuel gases at
injection into the vortex tube were as follows:

Property Simulated Propellant Similated Fuel

Gas Alr Fluorocarbon, FC-TT
Temperature Tp, = 260 F Te, = 300 F
Pressure ppl = 10 psia bFl= 10 psia
Density pp = 0.038 1b/rt3 P, = 0,49 1b/5t3
Viscosity pp, = 1.536 x 1072 1b/ft-sec

To compare with engine performance studies and with previous and concurrent
heavy-gas containment results, the results for a given test are presented in terus
of three nondimensional parameters. These parameters, with typical values from
test data, are presented in the following sample calculations:

Heavy-gas density ratio, ,BFI//DPl = 0,2

Containment parameter T = 8.0
ontainment param 5 F|/TF|Mm

Axial-flow Reynolds number, Re, , = 74,000

These dimensionless parameters are converted to dimensional parameters in the
following table.
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Parameter

Equation for Conversion

Sample Calculation

Light gas stored

(1.36)(0,038) = 0,052 1b

Heavy gas stored

( ﬁFI / IOPI ) VPPI

(0.2)(1.36)(0.038) = 0,010% 1b

Light-gas flow rate

Re; w [(7/I6)7rrl 'LLPI]

(74,000)[(7/16)'7(0.416)(1.536
x 10’5ﬂ = 0.65 1b/sec

Heavy-gas flow rate

9.2 (0.65) = 0,0164 1b/sec
8.0

ce

Ratio of light-gas flow
rate to heavy-gas flow rate

)/(Pr/Pe)

@
-
(@]

L0

(@]
L]
no

Ratio of heavy gas stored
to light gas stored

0.2

Q

Approximate dwell time of
simulated propellant

(1.36)(0,038)/0.65 = 0,080 sec

Dwell time of
simulated fuel

(8)(0.080) = 0.64 sec
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TABLE I

SUMMARY OF PERIPHERAL -WALL SIMULATED-PROPELLANT INJECTION
CONFIGURATIONS INVESTIGATED

600 DIRECTED WALL JETS; SLOT WIDTH = 0.300 IN.

(r-z P

7

LANE)

TYPICAL
WALL JET

N

NONAXIAL - FLOW _/

END WALL

A END WAL Vi _—
/ B; Veb,j
Vz,j

vqu INDEPENDENT OF AXIAL STATION UNLESS
’ OTHERWISE NOTED '

DISTRIBUTION OF
AXIAL COMPONENT

APPROXIMATE
INJECTION

DESIGNATION |~ " o e TN AREA,  |Yzw /Vg,j| DESCRIPTION OF INJECTION CONFIGURATION
VELOCITY |Aj, SQ IN.
a) g = 0 DEG V= 0 10.8 0.314 | SLOT HEIGHT =0.060 IN.; 3; = O DEG
b) B, =0TO45DEG |V, , = V¢1](Z/L) 9.7 0.314 | SLOT HEIGHT R L/18.7/22+ L2 IN,; B; =tan'z/L
0) ,Bj = 0TOB35DEG| V, ; = V, (22/L) 7.9 0.314 | SLOT HEIGHT®L/16.7/422 + L2 IN, Bj=t0n"(22/L)
d) B;=26.5 DEG |V, ;= 0.5V 0.8 0.351 | SLOT HEIGHT = 0.060 IN.; | =26.5 DEG
e) B; = 45 DEG Vai® Ve | 10.8 0.444 | SLOT HEIGHT = 0.060 IN.; 3; = 45 DEG
f) B,‘ = 63.5DEG | vz,j = 2V¢,j ‘ 10.8 [.422 | SLOT HEIGHT = 0060 IN, Bj = 63.5 DEG
9 B = 90 DEG [ Vo * Vj(ch,f o); 10.8 © SLOT HEIGHT = 0.060 IN.; Bj = 90 DEG
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TABLE II

SUMMARY OF SIMULATED - FUEL

INJECTION

CONFIGURATIONS

INVESTIGATED

Nomenclature Used for }
Configuration Simulated-~Fuel Approximate Injection Area Location of i
in Fig. 6 Injection Configuration Ay, sq in. Injection ! Description of Injection Configuration
a Nonaxial-Flow End Wall 0,634 Center of 0,9-in.-dia duct
! Nonaxial-Flow End Wall
i
l a Axial-Flow End Wall 0.634 Center of 0.9-1in,.-dia duct
L Axial-Flow End Wall
|
‘ a I Both End Walls 1.268 Centers of 0.9-in,-dia dqucts
| Both End Walls
— '1
' b , 1.25-in,-dia Porous Tube 8.5 Centerline 1.0-in.~dia tube, covered with multiple layers of glass
! cloth to provide a uniform porosity from z = 5 in, to
] Iz =25 in, Tube was located concentric with the vortex
| | tube zenterline
+ T
! ¢ i Showerhrad ‘[ 0,212 Cent=r of 30 1/8-in.-dia hypo tubes (0,095 ID) in 2-1/4-in.-dia :
3[ ! Nonaxial-Flow End Wall | cluster projecting inward approximately 1.5 in. from wall |
. |
t 1
d {--in,-dia Screen 22.3 Center of ' 6-1in,-dia screen, open area of screen approximately :
Nonaxial~Flow End Wall 10 percent i
|
e ! Svirl through 16 2,288 Nenaxial-Flow 16 wall Jets on nonaxial-flow end wall, equally spaced at
! J.002«in. vall J: - End Wall radii of 0,875 and 1.5 in.; slot height = 0,060 in.,
] width = 0.300 in.; B =0 deg, ¢ = 30 deg inward with
respect to local tangent
[
- Swirl throagh 1€ [N RS Nonaxial-Flow 16 wall Jets on nonaxial-flow end wall, equally spaced at
2.030-1in, Wall Jets End Wall i radil of 0,875 and 1.5 in,; slot height = 0,030 in,,
: width = 0.300 in.; 'Bi =0 deg, &; ~ 30 deg inward with
: i respect to local tangent
— ; !
i Periph=rul-Wall RSN Peripnaral Uall, 15 1/3-1in,-dia hypo tubes equally spaced on peripheral
Tubes - 60 deg ' z = 1.5 in, wall at z = 1.5 in, and extending 1 in, into vortex tube;
B, =0 deg, & = 60 deg
- Peripheral-¥all J.106 Peripheral Wall, 15 1/8-in.-dia hypo tubes equally spaced on peripheral
Tubes - Y0 deg z = 1,5 in, wall at z = 1.5 in, and extending 1 in. into vortex tube;
Bj =0 deg, & = 90 deg
g Swirl through 12 Wall Jets 0,k72 Nonaxial-Flow b wall Jets, slot height = 0,060 in,, slot width = 0.30 in.,
End Wall equally spaced at radius of O,k in.; 8 wall Jets, slot
height = 0,100 in,; slot width = 0,50 in., equally spaced
at radlus of 1.12 in,; Ef = 30 deg inward with respect to
local tangent
h .12 0.5in.~dia Ducts 2.35 Nonaxial-Flow 12 1/2-in,-dia ducts, 4 equelly spaced at radius of 0,41 in,,

End Wall

8 equelly spaced at radius of 1.12 in,




VORTEX TUBE CONFIGURATION :

TABLE TOI
SUMMARY. OF FLOW CONDITIONS INVESTIGATED

L =30IN.

f=5IN.

ry= 45 IN.
(STANDARD)

p—Z

] P——

]

See Table I for Descriptions of Peripheral-Wall Simulated-Propellant InJection Configurations
See Teble IT and Fig, & for Descriptions of Simulated-Fuel Injcetion Configurations

Simulated-Fuel

Axial- Thru-Flow Simulated- Figures
Flow Radial Propellant (Water, Alr or for
Reynolds | Reynolds Injection Heavy-Gas) FPhotos
Number, | Number, Configuration, Injection Primary or Sunmary
Type of Tests Fluids Re, o Re,' Bi - Deg Configuration Variubles Data Figures
Flow Water 0 Centers of Per‘iiﬁl]n-l-rul- 10
Visuelization | with Trace 53,000 -4o 45 Both knd Wells | | Sl 11
Tests of Dye (Outfiow) 0 to by Fig. 6a Configuration 12
-HI.U o] Flow With- 13
(Infiow) None; drawn it
+o h5 Sre Note at Centers of 1
Right Both End Walls,
+30 O to iy Reg 15
0 16 22 to 27
Axial and 0O to U5 Peripheral- 17
Tangential 0 to 03.5 Wull 18
108, 0 =10
Velocity Alr 108,000 103 26.5 Centers InJection 1y
Measurements; ks ol Conrlguration 20
Peripheral- 63,5 Both 21
Wall Pressure -105,0 0 to k5 End Walls R 28
Measurements +2h , +)8 0 to 63.5 Fig., Gu € 29
-103 0 to ©3.5 Ty 30
B D Ciloers ol Trripheral-
. 0, k5, 0 llonaxinl-Flow [Hull ond
4,000 o* 0 to L5, “uid Polk Heavy -Gas 31 32, 33
0 to 63.5 a tntls Injuction
iig. 6n Configurations
Flow Withdrawn
0, +5) at Conter of
0 to 63. )
468,+93 3.5 c ., hxial-Flow 3
enter of End Wall
Nonaxial-Flow
End Wall - Light-Ga.:
. 4 Injection
635 Fig. Ga
Y to 63.5 Rate with 35
Axial Distance
7%, 000
hojooo 0 0, k5, w Re; w 36
1 1/h-in.-dia
Heavy-gas Air and O to hg Porous Tube 37
vy -& FC-T7 with Fig. 6b
Containment
Tests Trace of - “Showerhead”
Todine Q,+50,+110 Q¢ to 63.5 Fig. 6o 38
6-in.-dia
74,000 |0, +T7h,+110 0 to 63.5 Sereen Heavy-Gas 39
Fig. 6d Injection
Swirl through Configuration
0, +7,+100 5} 16 vall Jets 4o,b1
Fig. 6e
15 1/8-in.-dia
Tubes from
0,+! +10k [o]
#*5% Peripheral Wall ha
Fig. 6f
Swirl through
h0,000 12 Wall Jets Light-Gas k3
Fig, 68 Injection from
0 0 to k5 End Walls vith
12 1/2-1n.-dia | qoin
Ducts 4
Fig. 6h

*For heavy-gas containment tests,
center of axial-flow end wall, if any.

38
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SKETCH OF VORTEX TUBE ASSEMBLY

ASSEMBLY SHOWN WITH SIMULATED- FUEL INJECTION FROM DUCTS AT CENTERS OF BOTH END WALLS
SEE FIG. 6 FOR ADDITIONAL SIMULATED - FUEL INJECTION CONFIGURATIONS
SEE TABLE I AND FIGS. 3 AND 4 FOR DETAILS OF PERIPHERAL-WALL SMULATED-PROPELLANT INJECTION CONFIGURATIONS

VIEW A-A

DIA = 10 IN. OUTER CYLINDRICAL SHELL

TYPICAL DIRECTED-WALL-JET INSERT
(60 PER PLENUM)

A
DIA = 9 IN,
(STANDARD) PERIPHERAL A P A A, P A,
' WALL OF Z i TR VAL 13RI i § 1 z
il 1 74 O O O

RN

W

Gz N B T A

A\

SIMULATED PROPELLANT INJECTED FROM PERIPHERAL WALL

LENGTH = 30 IN. 4 -

&\\\\\\\\\\\\\\\\\\\\\\\\\

{
\

SIMULATED- FUEL  INJECTION. DUCTS - <—j
AXIAL-FLOW END WALL ——» r3

NONAXIAL-FLOW END WALL ‘

TR

W

=

U U U0 U Uy U E
/378 0 1 A& n. o 0o F
A EXHAUSTED FROM VORTEX

TEN SIMULATED- / INFLATABLE SEALS TUBE THROUGH AXIAL-FLOW
PROPELLANT PLENUMS EXHAUST ANNULUS

W

MIXTURE OF
SIMULATED PROPELLANT
AND SMULATED FUEL

‘Oid
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PHOTOGRAPH OF VORTEX TEST APPARATUS USED FOR VELOCITY
MEASUREMENTS AND HEAVY-GAS CONTAINMENT TESTS

APPARATUS SHOWN ASSEMBLED FOR VELOCITY MEASUREMENT TESTS

METERS, VALVES AND HOSES FOR FLOW TO
TEN PERIPHERAL-WALL INJECTION PLENUMS OUTER CYLINDRICAL SHELL

s,

AXIAL-FLOW END WALL
AND EXHAUST DUCTS

VALVE AND METER FOR
FLOW THROUGH DUCTS
AT CENTERS OF END WALLS ]

E




FiG. 3

SKETCHES OF DIRECTED-WALL-JET INSERT AND PERIPHERAL -WALL
SIMULATED — PROPELLENT INJECTION SYSTEM

a) DETAILS OF INSERT

SLOT HEIGHT

CAP

/ INSERT BASE

b) INSERT INSTALLATION

OUTER CYLINDRICAL SHELL ~-LUCITE
FOR FLOW VISUALIZATION TESTS;

STEEL FOR VELOCITY MEASUREMENTS
AND HEAVY-GAS CONTAINMENT TESTS

SIMULATED
PROPELLANT
PLENUM

TEX TUBE- LUCITE FOR FLOW
VISUALIZATION TESTS; STEEL
FOR VELOCITY MEASUREMENTS

AND HEAVY -GAS CONTAINMENT
TESTS

INSERT MAY BE ROTATED
FULL 360 DEG INJECTED FLOW
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FIG. 4

PHOTOGRAPH OF VORTEX TUBE USED FOR VELOCITY MEASUREMENTS
AND HEAVY -GAS CONTAINMENT TESTS

VIEW FROM NONAXIAL- FLOW END
INJECTION CONFIGURATION SHOWN, Bj = 45 DEG, sz = V¢ j
1 ?

GEOMETRICALLY SIMILAR LUCITE VORTEX TUBE USED FOR FLOW VISUALIZATION TESTS

INFLATABLE
SEALS
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FIG, 5

PHOTOGRAPH OF AXIAL-FLOW END WALL USED FOR VELOCITY
MEASUREMENTS AND HEAVY- GAS CONTAINMENT TESTS

NOTES: (1) rz =45 IN. FOR MOST VELOCITY MEASUREMENTS; HOWEVER, ONE SERIES OF
MEASUREMENTS WAS MADE FOR r3 = 4.75, 450, 4.00, 3.50 AND 3.00 IN,

(2) Ty = 4.5IN. FOR ALL HEAVY-GAS CONTAINMENT TESTS
45 IN. FOR ALL FLOW VISUALIZATION TESTS (GEOMETRICALLY SIMILAR

(3) rp =
3 LUCITE END WALL WAS USED WITH A LUCITE VORTEX TUBE)

AXIAL - FLOW
ANNULUS

0.9-IN.—DUCT AT CENTER OF END
WALL USED FOR HEAVY-GAS INJECTION
OR FLOW WITHDRAWAL IN SOME TESTS
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SKETCHES OF HEAVY-GAS INJECTION CONFIGURATIONS INVESTIGATED °

NOTES: (1) FOR SOME HEAVY- GAS CONTAINMENT TESTS, FLOW WAS WITHDRAWN THROUGH A
0.9-IN.-DIA DUCT AT CENTER OF AXIAL-FLOW END WALL. '

(2) FOR RADIAL - INFLOW FLOW VISUALIZATION TESTS AND VELOCITY MEASUREMENTS, FLOW WAS
WITHDRAWN THROUGH BOTH DUCTS™ OF CONFIGURATION a).

a) INJECTION FROM 0.9-IN.-DIA DUCTS AT CENTERS OF NONAXIAL-FLOW AND/OR AXIAL-FLOW END WALLS

T T R A A R A A A R A R A R S A AR TSR AR AAL AR AR AR LA AR AR AR A R LA AR AR

Drensentrrserrersernn,

Y
7

b) INJECTION FROM 1174 -IN.-DIA POROUS TUBE

A A TR AR A A AT IR AR TATAAA LTI AL AR U A A A A AR R R R TR R SRR WO

LIII LTIy

3
3
3
3
3
3
3
3
3
3
3
3
3
]

T I I N N N N N A N N A MR AR A S AR A AR A RN AN A SRR AR AN RN NN

¢) INJECTION FROM "SHOWERHEAD"

— 5.25-|N.-D|A —— - THRU -FLOW
— 1
-_ §

30 1/8-IN.-DIA TUBES

Ao

d) INJECTION THROUGH 6-IN.-DIA SCREEN

174

4

(OO T T TR

——= THRU-FLOW

reseeesrs

p
7

N A R A A B N N N N N RN S M I NI R NN NN

CONTINUED
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FIG. 6e-h
SKETCHES OF HEAVY-GAS INJECTION CONFIGURATIONS INVESTIGATED

SEE NOTES ON PRECEDING PAGE

e) INJECTION WITH SWIRL THROUGH 16 WALL JETS

SLOT HEIGHT — 0,060 IN. §

HRU- FLOW ————»=
SLOT WIDTH - 0,30 IN. THRU-FLO

i

I
I
4

rosstsssessesty

f) INJECTION THROUGH IS I/8-IN.-DIA TUBES FROM PERIPHERAL WALL

H |~ 15 IN.

15 TUBES AT EQUAL INTERVALS §

AROUND PERIPHERAL WALL THRU-FLOW >

T

R R S R O S S S R I S N N RS

YA TS0, 11

g) INJECTION WITH SWIRL THROUGH 12 WALL JETS
4 WALL JETS, SLOT HEIGHT=0.,060 IN., WIDTH = 0,30 IN.

A TR ARE R IAREAR AR AR AR AR AR AR SRR RS S AN AN
3

144

/
e W vrte @ 1resrtre 0 Bt o0

410

3
NN NIRRT NRRARA NN AN SANANN

8 WALL JETS, SLOT HEIGHT = 0.100 IN., WIDTH = 0.50 IN.

h) INJECTION THROUGH 12 1/2~-IN.-DlA DUCTS

N

A A AR A AR AR AR AR AR AR AN AN
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FIG, 7
PHOTOGRAPHS OF END WALLS USED FOR TESTS WITH LIGHT-GAS
INJECTION WITH SWIRL

a) NONAXIAL-FLOW END WALL

HEAVY - GAS INJECTION CONFIGURATION — CONFIGURATION

g) IN FIG.6 SHOWN;
CONFIGURATION h) ALSO USED WITH THIS END WALL

LIGHT —GAS INJECTION CONFIGURATION — 48 WALL JETS, SLOT HEIGHT = 0.03 IN.,
SLOT WIDTH = O,30IN.; 16 WALL JETS AT RADH OF 2.87, 3.68, AND 4.50 IN.

e
9@
@
@
¢

300083

b) AXIAL- FLOW END WALL

LIGHT—GAS INJECTION CONFIGURATION - 60 WALL JET
SLOT WIDTH = 0.30 IN;

S, SLOT HEIGHT = 003 IN.,
4 WALL JETS AT RADIUS OF 0.4l IN.,, 8 WALL JETS AT
RADIUS OF Ii2 IN,, 16 WALL JETS AT RADII OF 2.00, 2.87, AND 3.68 IN.

rg = 4.5IN.
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OPTICAL SYSTEM USED TO OBTAIN MICROFLASH PHOTOGRAPHS

ILLUMINATED PLANE
(AXIAL LOCATION ADJUSTABLE)

7”1””””//11”” 3

[— ] i
ADJUSTABLE SUIT
\M|CROFLASH UNIT

47
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Fic, 9

SCHEMATIC OF EQUIPMENT USED FOR VELOCITY MEASUREMENTS

DETAILS OF COBRA PROBE HEAD

FLOW ROTATION VORTEX TUBE

VIEW A-A

T\
éDE

¢

o'w

&
(@)

AAOAANNNNNNR NNV RRNNSRRT

§

- A

VIEW  B-B VIEW C-C
A B C
oloJo [s)
T T 1
1 ] }
] 1 |
[} ] H
] ] |
11 |
-] 0.125 IN.
A PROBE
[}
N POSITIONER
1
i
A B C
1 -
: )
[}
L
|
1
1
]
I
]
]
| L_:l E _J
1
X : | TRANSDUCER
1 ]
II | ]
] 1
]
1
[]
L 1 CONTROLLER FOR

PROBE ANGLE AND
RADIAL LOCATION

U -TUBE MANOMETER ON SLANT BOARD
FOR DETERMINING TOTAL VELOCITY HEAD

NOTES: (1) RADIAL LOCATION OF PROBE WAS CONTROLLED MANUALLY

(2) PROBE ANGLE, Bp, WAS CONTROLLED MANUALLY OR AUTOMATICALLY BY TRANSDUCER AND
PROBE CONTROLLER TO OBTAIN NULL POSITION
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FiIG. 10

PHOTOGRAPHS OF DYE PATTERNS FOR ,Bj= O DEG
AND RADIAL OUTFLOW

AXIAL-FLOW REYNOLDS NUMBER, Re, = 53,000
TANGENTIAL INJECTION REYNOLDS NUMBER,
RADIAL REYNOLDS NUMBER, Rer = -40
FLUID INJECTED AT CENTERS OF BOTH END WALLS
SEE TABLE I AND FIGS. 3 AND 4 FOR DETAILS OF PERIPHERAL ~WALL INJECTION CONFIGURATION
PHOTOGRAPH TAKEN AT Z = 75 IN.
FLOW ROTATION

Réy,j * 164,000
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PHOTOGRAPHS OF DYE PATTERNS FOR (j= 45 DEG

ANPD DARNIAL NILITE N\
ANLY NNAUVIAL VUIT LUYWY

Rez,w = 53,000
Re"j. = 116,000
Rer = -40
Z =75IN.
FLOW ROTATION

FLOW PATTERN NEAR PERIPHERAL WALL

FLOW PATTERN IN CENTRAL REGION

50
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FIG.
PHOTOGRAPHS OF DYE PATTERNS FOR Bj=OTO45 DEG
AND RADIAL OUTFLOW

Rezw = 53,000
Reyj =164,000
Rer = -40
Z =75IN.
FLOW ROTATION

FLOW PATTERN NEAR PERIPHERAL WALL

51

12



| o
PHOTOGRAPHS OF DYE PATTERNS FOR Bj= ODEG

AND MODERATE RADIAL INFLOW

AXIAL -FLOW REYNOLDS NUMBER, Rezy = 53,000
TANGENTIAL INJECTION REYNOLDS NUMBER, Ret,j =164,000
RADIAL REYNOLDS NUMBER, Rer =+40
. FLUID WITHORAWN AT CENTERS OF BOTH END WALLS
SEE TABLE I AND FIGS. 3'AND 4 FOR DETAILS OF PERIPHERAL -WALL INJECTION CONFIGURATION
PHOTOGRAPH TAKEN AT Z = 75IN.
FLOW ROTATION

FLOW PATTERN NEAR PERIPHERAL WALL

FLOW PATTERN IN CENTRAL REGION
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PHOTOGRAPHS OF DYE PATTERNS FOR f3j=45 DEG
AND MODERATE RADIAL INFLOW

Rezw = 53,000
Rey,j = 116,000
Rer = +40
2 =T75IN.
FLOW ROTATION

FLOW PATTERN NEAR PERIPHERAL WALL

FLOW PATTERN IN CENTRAL REGION

53

14



PHOTOGRAPHS OF DYE PATTERNS FOR Bj=45 DEG
AND LARGE RADIAL INFLOW

Rezw = 53,000
Rey,j = 116,000
Rer - +80
Z =75IN.
FLOW ROTATION

FLOW PATTERN NEAR PERIPHERAL WALL

FLOW PATTERN IN CENTRAL REGION

54
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AXIAL AND TANGENTIAL VELOCITY PROFILES FOR ,Bj = 0 DEG

Rey o = 108,500 Rem = 291,000 Re, =-I03
SYMBOL [ D [u] a o
Z-IN. 4.5 | 105|165 | 225 {28.5
Vz,i -FT/SEC| © 0 0 o] o]

z = DISTANCE FROM NONAXIAL- FLOW END WALL

80'

60

v, - FT/SEC

40

AXIAL VELOCITY,
N
o

-20

|

o) AXIAL VELOCITY

o

INNER RADIUS OF
AXIAL-FLOW ANNUUJJi/

RADIUS ,

2

[ /Y

160 I I
b) TANGENTIAL VELOCITY
V¢i =132 FT/SEC
140 ) —
i‘
120

TANGENTIAL VELOCITY, Vg - FT/SEC

00

@
o

\§

20 /E/

0 | 2 3
RADIUS, T-IN.

‘014

9l
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AXIAL AND TANGENTIAL VELOCITY PROFILES FOR ,Bj = 0 TO 45 DEG

140

Vg - FT/SEC
3 8

[o2]
o

TANGENTIAL VELOCITY,
EN
o

20

Re, , = 109,000 Re, ; = 328,000
140
| l $
a) AXIAL VELOCITY
120 L
[/
[
[l
]
i
{
100 — | sYMBOL olo ol a]o ®
z-IN. 4.5 [10.51 16.5 | 225 | 28.5 !
Q V,;-FT/sEC| 21 | 50 | 79 [ 107 | 136 H
n ;5:
~ 1|
w )
' !
N ]
> ]
i
> 60 :
e |
8 i
g A
> 11
4 40
g
% :
) j!
20 ]
° 0
i |
INNER RADIUS OF AXIAL-FLOW ANNULUS \
-20 l L 1N
¢ I 2 3 4 5

RADIUS, T -IN.

Re, = -103

1 [
b) TANGENTIAL VELOCITY
Vg,j = 143 FT/SEC

l 2
RADIUS,

T -IN.

RIE

Lt



LS

Re, y = 102,000

140

120

80

V, - FT/SEC

60

40

AXIAL VELOCITY,

20

Rey; = 304,000

a) AXIAL VELOCITY

|
F

|

140

T

] ; 120

1 o
; @ 100
~
, 1 | b=
A : [}
i o
> 80
o
=
o
j g
,  Eeo |
l 4
g
=
z
&
S 40
g
INNER RADIJS OF AXIAL-FLOW ANNULUS
| 1 L ! o
| 2 3 4 5
RADIUS, Tr —=IN,

AXIAL AND TANGENTIAL VELOCITY PROFILES FOR Bj = 0 TO 635 DEG

Re, = -103
SYMBOL o [olo]a]o
Z-IN. 4.5 [ 105 | 165 [22.5[285
V,,j - FT/sEC| a1 [ 123150 [ 205 [ 259
I |
b) TANGENTIAL VELOCITY
Vg,j = 136 FT/SEC
o
Yo
| 2 4
RADIUS ¢ ~IN.

914



AXIAL AND TANGENTIAL VELOCITY PROFILES FOR Bi = 265 DEG

86

[02]
o

V, - FT /SEC

H
o

AXIAL VELOCITY,
N
o

(o}

R‘z,w = 109,000 Re'.i = 265,000 Re, = -{03
140 | |
b) TANGENTIAL VELOCITY
M [¢) u] o]
SYMBOL Vo i =I5 FT/SEC
Z-IN. | 45 | 165|285 @i
120 \f
(&)
| | 100
~
a) AXIAL VELOCITY "
V,j = 58 FT/SEC !
Y
> 80
o
=
[&]
a
|
=
’—
P
&
}/cr S 40
a
20
INNER RADIUS OF AXIAL-FLOW ANNULUS
l
0

2

RADIUS ,

4 5

‘Ol
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V, - FT/SEC

AXIAL VELOCITY,

100

80

60

D
o

N
o

e
g W Lo

AXIAL AND TANGENTIAL VELOCITY PROFILES FOR Bj = 45 DEG

Re, , = 108,000

a) AXIAL VELOCITY

Vz'i =9l FT/SEC

INNER RADIUS OF AXIAL-FLOW ANNULUS
L l l

| 2 3
RADIUS, r —IN.

Ret,j = 209,000 Rer = -103
SYMBOL| ¢ Ia] o}
Z - IN. 45 | 165 (28.5
120 — "
b) TANGENTIAL VELOCITY
Vg,j = 9 FT/SEC /‘Q
] \
' 100 A
1 ]
,’ O N
' 7
! > ]
Fi 8o #
" S
1!
q -
)-
P e
] 9 |
] w H
! > |
! _
4 =
< 40 /y”
P4
1]
o
2
g
20 {(
0
5 | 2 3 4 5
RADIUS, r -IN.
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80

V, - FT /SEC

40

AXIAL VELOCITY,
n
o

o

AXIAL AND TANGENTIAL VELOCITY PROFILES FOR Bj = 63.5 DEG

Regy = 109,000

Rey ; = 133,000

SYMBOL

Z—lN.

16.5

285

a) AXIAL VELOCITY
V,j = 114 FT/SEC

]
o

R R -
INI‘£ ADIUS lOF AXIAL F!.OW ANNULUISﬂ

I 2
RADIUS,

3
r -IN.

4

TANGENTIAL VELOCITY,

V¢, -FT/SEC

100

Re, = —104

b} TANGENTIAL VELOCITY
Vo, © 57 FT/SEC

@®
o

[22}
(@)

H
(@]

N
o

/

| 2
RADIUS,

3 4

r —-IN.
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REDUCED AXIAL VELOCITY, V, /Z ~ SEC
—_ n 8 H 4]
(o] (o] o (@]

O

L
o

REDUCED AXIAL

VELOCITY

u)BiLODEG? :
A\
A
A\
/AN,
o 1 minus, :IN. 4 \\5

e R T T T T e

PROFILES FOR Bj=0, 0TO45 AND O TO®&35 DEG

DATA FROM FIGS. 16 ,I7 AND I8

Z-iN 45 [ 105 | 165|225 | 285

60’ T l — 60 | T | !
| b) B;= 0 T045 DEG | ¢ By = 0 TOE35 DEG | g
50‘ | | w 1 1 ’
| L |
| I | ! | : “ i
40‘[ 1 40y . 3 1
'c d | ¥
30 30 |

! 2 3 4 5 0 ! 2 3 4 S

RADIUS, r -IN. RADIUS, r -IN.
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COMPARISON OF AXIAL AND TANGENTIAL VELOCITY PROFILES
B, = 0, O TO 45 AND O TO'63.5 DEG

FOR

PROFILES MEASURED AT 2z =16.5 IN. 160 | 1

Re = 109,000 Re; ;™ 300,000 Re, = -103 b) TANGENTIAL VELOCITY
W | Ve,j ® 137 FT/SEC
DATA FROM FIGS. 16 ,IT AND 18

O,
140
PERPFERAL-WALL |\, . AT 22165 IN.- N
SYMBOL | INJECTION CONFIGURATION, | ‘2] "y jace™ T
B; - DEG
o 0 0 }
o 0 TO 45 79 120
0 0 TO 635 150 8 //A
n
~
'_.
80 | L 100
©
a) AXIAL VELOCITY > /
= / )
5 60 5 80
7] 9 /
~ w
- >
w
1 -
Z
)
z 2
5 f &
9 20 a 40
wi
> O\X/ /{
-
g
-20 o]
0 I 2 3 4 5 0 | 2 3 q
RADIUS, r -IN, RADIUS, r -IN,

€2 9old
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A i D B A TR AR

COMPARISON OF AXIAL AND TANGENTIAL VELOCITY PROFILES FOR ﬁj = 0.' 265, 45 AND 635 DEG

PROFILES MEASURED AT z = 165 IN. 160 ]
Re, w = 108,000 Re, = -103 b) TANGENTIAL VELOCITY
DATA FROM FIGS. 19,20 AND 2| a0 P !
1
PERIPHERAL-WALL Ny
SYMBOL | INJECTION CONFIGURATION, |V, ; - FT/SEC| Vg j - FT/SEC Rey | :
Bl - DEG ' ’
a 0 0 132 291,000 120 / A i
D 26.5 58 15 265,000 o \§
o 45 Y 9l 209,000 w ’
o 635 114 57 133,000 > 1
80 | 100 ; y |
ie. //0\0
o) AXIAL VELOCITY
)
o 60 580
W o)
~ -
e <
n
1 -J .
- 2 60 / /
e (D"'U
> ?_2
'é =
<9 40
w
>
J
g
3 20

0 i 2 3 4 5
RADIUS, r -IN.

o
$2 9l4
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STATIC PRESSURE DIFFERENCE, (p_pREF) — LB/FT?

COMPARISON OF PERIPHERAL-WALL STATIC PRESSURE DISTRIBUTIONS FOR
,Bj = 0, OTO45 AND 0TO®63.5 DEG

H

N

e}

|
n

Re;w & 109,000 Re, ; & 300,000 Re, = -103
e
B, =0 To 635 G\\//
A //_Bi=OT0 45 DEG
s
— yd A
B =0 0Ec |
Pagr * 750 LB/FT%: PRESSURE TAP
LOCATED AT r=4.75 IN. ON
NONAXIAL-FLOW END WALL
5 10 i15 20 25
DISTANCE FROM NONAXIAL-FLOW END WALL, Z -IN.

30

g2 '9ld
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COMPARISON OF PERIPHERAL-WALL STATIC PRESSURE DISTRIBUTIONS FOR

Re,w = 108,000

,B 0, 265, 45 AND 63.5 DEG

SYMBOL o] O o} D
Re, = -103 B, - bEG 0 26.5 45 63.5
Re, | 291,000 | 265,000 | 209,000 | 133,000

B = 45 DEG)//OZ—‘ \0\(

D

N

Q

3/// // :7</‘T\Bi o

o

—

/

STATIC PRESSURE DIFFERENCE, (p -pgee) — LB/FT?
I
N

Prer -

1750 LB/FTZ', PRESSURE TAP
LOCATED AT r =4.75IN. ON
NONAXIAL-FLOW END WALL

|

]
H
o

5 10 15 20

DISTANCE FROM NONAXIAL -FLOW END WALL,

Z - IN.

25

92 ‘9oid
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COMPARISON - OF TANGENTIAL VELOCITY PROFILES OBTAINED WI'?H'

PROBE AND END-WALL STATIC PRESSURE MEASUREMENTS

Rey & 109,000 Re, = -103
VELOCITY PROFILES FROM END-WALL PRESSURE MEASUREMENTS

— ——— VELOCITY PROFILES FROM PROBE MEASUREMENTS AT Z = 45 IN (FIGS. 16, 17,18,20 AND 2I)

160 SRR
TN
/,
|40 Il/\ \\\,, .
/ \
/ N
/ \
y
120 I
j= S
'/
P /
/
§ 100 v
s /
\ /
== /
> /
§ 80
7
g / ye
= /
¥ 60 /
4
g
/‘_\
_/
40 y
/
//
/
/
20 v4
/ —
/
\Bi = 63.5 DEG
0
0 | 2 3 4 5

RADIUS, r —IN.
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EFFECT OF RADIAL REYNOLDS NUMBER ON VELOCITY PROFILES FOR Bj = 0 TO 45 DEG

PROFILES MEASURED AT z =16.5 IN.

Rez,w = 109,000 Rey ;= 327,000

140 I |

b) TANGENTIAL VELOCITY
V¢’j ® 137 FT/SEC

SYMBOL o o o IN
Re, -103 0 +24 | +96 120

N
N 7 AN

Q
[ve]
UC)IOO S
a) AXIAL VELOCITY w
V;,j® 76 FT/SEC AT z =165 N, !
' -
(=] >
3 o 60 80
[T} -
» >
~ =
i 8
l r
>N 40 > 60 1
! i
> q
o 5
8 20 % 40
] S
-
g
x
< 0 20
-20 0
0 | 2 3 4 5 0 1 2 3 4 5
RADIUS, r ~IN. RADIUS  r -IN.
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EFFECT

100

OF RADIAL REYNOLDS NUMBER ON VELOCITY PROFILES FOR Bj = 0 TO 63.5 DEG

PROFILES MEASURED AT z =16.5 IN.

80

a) AXIAL VELOCITY

Vz,j % 152 FT/SEC AT z =16.5 IN.

60

v, - FT/SEC

H
o

n
o

AXIAL. VELOCITY,

] 2
RADIUS ,

Re,, y & 102,000 Rey,; = 303,000
SYMBOL o 0 A
Re, -103 +24 | +96
120 b) TANGENTIAL VELOCITY
Vg, % 137 FT/SEC
100
)
(73]
~N
"
1 80
E &
o
pl}
s
' <
I
) £ 40 [0
2
&
2 )
= |
20 1
|
|
‘\
0 i
3 4 0 | 2 3 5
r —-IN. RADIUS, r -IN.
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EFFECT OF INNER RADIUS OF AXIAL-FLOW EXHAUST ANNULUS ON VELOCITY PROFILES
PERIPHERAL-WALL INJECTION CONFIGURATION, ,Bj =0 TO 63.5 DEG

PROFILES MEASURED AT 1z =16.5 IN.

Re,, ~ 102,000 Rey ; = 302,000 Re, = —I05

SEE FIG. 5 FOR PHOTOGRAPH OF AXIAL-FLOW END WALL

SYMBOL o] [n] ¢ a D

INNER RADIUS OF
ANNULUS, 5 - IN.

4.75 [4.50 |4.00 {3.50 | 3.00

100 l ; 120 l' | I ‘
a} AXIAL VELOCITY . b) TANGENTIAL VELOCITY i
Vpj ® 152 FT/SEC AT z:165 IN. Vg,j ® 138 FT/SEC :
) . ’ . |
80 4 : : 100 , / T
(&)
| . ; |
; 3 |
3 > 60 _ T 80
o ! : -
| | >
>N ! -
‘ -
'>_: 40 8 60
o ]
9 : >
s | a 0
<
| , 20 = 40
| g z
; 2
| 0 4 20
n
-20 0 , @
) | 2 3 4 5 0 | 2 3 4 5
- RADIUS, r —IN. RADIUS, T - IN. S



FiG. 31 g, b
CONTAINMENT PARAMETERS FOR ALL PERIPHERAL- WALL
INJECTION CONFIGURATIONS TESTED WITH HEAVY - GAS
INJECTION AT CENTERS OF END WALLS

AXIAL -FLOW REYNOLDS NUMBER, Roz" ~ 74,000
DIMENSIONLESS TIME CONSTANT FOR FULLY MIXED FLOW, TFIMINz 0.00019

SEE TABLE II AND FIG. 6g FOR DETAILS OF HEAVY-GAS INJECTION CONFIGURATIONS

PERIPHERAL-WALL]  axis N U A
SYMBOL com_dlggg AOTP:ON ORIENTATION[HEAVY-GAS INJECTION CONFIGURATIONI  Rey ; [V, /Vg ;
o} Bj = 0 DEG HORIZONTAL | CENTER, NONAXIAL-FLOW END WALL | 230,000 0314
® B; = 0 DEG CENTERS, BOTH END WALLS
e O \’;- - s
o Bj= 0 TO 45 DEG CENTER, NONAXIAL -FLOW END WALL
S B; = 0 TO 45 DEG CENTERS, BOTH END WALLS ]
5 - OO _I. LI T R N ;
a L. = P
| )Bj _o F)EG e o :
/7 : _'f' L
z =
S .
- 2
%
~
W
<
w | ~ AR
- ! A
w |
s
c s
g = 1A
= S b) Bz 0TO45 DEG i O mtOnl | el
5 "2 B’ T i B ’_'i_ B B R ¢ ¥
.<_I R X _,_:‘ -
z
2 ..
- ./ — -
I N ! . . PP IS I P P o N !
0.05 0.1 0.2 0.5 i 2

HEAVY =GAS DENSITY RATIO, ﬁFl /PPI
CONTINUED
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FIG. 3l¢,d
CONTAINMENT PARAMETERS FOR ALL PERIPHERAL - WALL
INJECTION CONFIGURATIONS TESTED WITH HEAVY - GAS
INJECTION AT CENTERS OF END WALLS

Re, , = 74,000

~ 0.00019
TFEMIN

SEE TABLE I AND FIG. 60 FOR DETAILS OF HEAVY-GAS INJECTION CONFIGURATIONS
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FIG. 3l e, f
CONTAINMENT PARAMETERS FOR ALL PERIPHERAL -WALL
INJECTION CONFIGURATIONS TESTED WITH HEAVY - GAS

INJECTION AT CENTERS OF END WALLS

Re, w = 74,000

Te & 0.00019
IMIN

SEE TABLE II AND FIG. 6a FOR DETAILS OF HEAVY-GAS INJECTION CONFIGURATIONS
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FIG. 32
"COMPARISON OF CONTAINMENT PARAMETERS FOR ALL
PERIPHERAL - WALL INJECTION -CONFIGURATIONS TESTED

HEAVY-GAS INJECTION AT CENTER OF NONAXIAL-FLOW END WALL

AXIAL-FLOW REYNOLDS NUMBER, Re, , = 74,000
b .

DIMENSIONLESS TIME CONSTANT FOR FULLY MIXED FLOW, T MINz 0.00019
: |
DATA FROM FIG. 31
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FI1G. 33

SUMMARY OF EFFECT OF PERIPHERAL-WALL INJECTION
CONFIGURATION ON CONTAINMENT PARAMETER FOR ’an /pp'=0.2

HEAVY-GAS INJECTION AT CENTER OF NONAXIAL-FLOW END WALL
AXIAL -~ FLOW REYNOLDS NUMBER, Re,, = 74,000
DIMENSIONLESS TIME CONSTANT FOR FULLY MIXED FLOW, TFI MIN & 0.00019
CROSS-PLOT OQF DATA FROM FIG, 32
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FIG. 34

EFFECT OF FLOW WITHDRAWAL AT CENTER OF AXIAL-FLOW
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Fy/ FimiN

END WALL ON CONTAINMENT PARAMETER

PERIPHERAL — WALL INJECTION CONFIGURATION, Bi=0 TO 63.5 DEG
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FiG. 35

EFFECT OF CHANGES IN LIGHT-GAS INJECTION RATE WITH AXIAL
DISTANCE ON CONTAINMENT PARAMETER

PERIPHERAL — WALL INJECTION CONFIGURATION, Bi=0 TO 63.5 DEG
HEAVY-GAS INJECTION AT CENTER OF NONAXIAL-FLOW END WALL
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COMPARISON OF CONTAINMENT PARAMETERS
AND 74,000

FI1G. 3¢

FOR Re,, = 40,000
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FIG. 37

EFFECT OF HEAVY-GAS INJECTION FROM POROUS TUBE ON
CONTAINMENT PARAMETER

PERIPHERAL - WALL INJECTION CONFIGURATION, S, = O TO 45 DEG
Rezw = 74,000 e,y S 0-00019 Re, ; = 230,000
SEE TABLE II AND FIG. 6b FOR DETAILS OF HEAVY- GAS INJECTION CONFIGURATIONS
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J FIG. 38
“ n 1
N EFFECT OF HEAVY-GAS INJECTION FROM SHOWERHEAD ON
| CONTAINMENT PARAMETER
'h}
|
1'\’",
§
i
i
i}{ PERIPHERAL - WALL INJECTION CONFIGURATION, Bj = 0 TO 63.5 DEG
Rez,w 2 74,000 TFI MINz 0.00019
SEE TABLE IT AND FIG. 6c FOR DETAILS OF HEAVY-GAS INJECTION CONFIGURATIONS
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FIG. 39

EFFECT OF HEAVY —GAS INJECTION FROM 6-IN.-DIA SCREEN ON
CONTAINMENT PARAMETER

SEE TABLE @I AND F16. 6d FOR DETAILS OF HEAVY -GAS

PERIPHERAL —WALL INJECTION CONFIGURATION, Bj = 0 7O 63.5 DEG

Re, w & 74,000

T 0.
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FIG. 40

EFFECT OF HEAVY-GAS [NJECTION FROM END WALL WITH SWIRL
ON CONTAINMENT PARAMETER

B
?L! PERIPHERAL ~ WALL INJECTION CONFIGURATION, Bj = O DEG

j )
g Re,, % 74,000 & 0.00019

T
Fi MIN _
INJECTION CONFIGURATION

z
SEE TABLE I AND FiG. 6@ FOR DETAILS OF HEAVY-GAS

THRU - FLOW WITHDRAWN AT CENTER OF AXIAL— FLOW END WALL INDICATED BY Re,
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HEAVY-GAS WEIGHT FLOW THROUGH AXIAL~-FLOW ANNULUS

TOTAL HEAVY-GAS WEIGHT FLOW

EFFECT OF RADIAL REYNOLDS NUMBER ON FRACTION

OF TOTAL

SEE FI1G. 40 FOR DETAILS OF CONFIGURATION AND FLOW CONDITIONS

THROUGH AXIAL-FLOW ANNULUS
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EFFECT OF HEAVY-GAS

PERIPHERAL WALL WITH SWIRL ON

CONTAINMENT PARAMETER

PERIPHERAL - WALL INJECTION CONFIGURATION, .Bj = 0 DEG

Rez'W a2 40,000

INJECTION THROUGH TUBES FROM

SEE TABLE II AND FIG. 6f FOR DETAILS OF HEAVY-GAS INJECTION CONFIGURATION

THRU -~ FLOW WITHDRAWN AT CENTER OF AXIAL- FLOW END WALL INDICATED BY Re,
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FIG. 43

COMPARISON OF CONTAINMENT PARAMETERS FOR LIGHT-GAS
INJECTION WITH SWIRL FROM AXIAL-FLOW END WALL AND
BOTH END WALLS

HEAVY GAS INJECTED WITH SWIRL FROM NONAXIAL-FLOW END WALL

PERIPHERAL - WALL INJECTION CONFIGURATION, Bj = 0 TO 45 DEG

Re, y & 42,000 Te, iy 000032

SEE TABLE II AND FIG. 6g FOR DETAILS OF HEAVY - GAS INJECTION CONFIGURATION
SEE FIG. 7 FOR PHOTOGRAPHS AND DETAILS OF LIGHT-GAS END-WALL INJECTION CONFIGURATIONS
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WITHOUT SWIRL

LIGHT GAS INJECTED WITH SWIRL FROM AXIAL-FLOW END WALL

PERIPHERAL -WALL INJECTION CONFIGURATION, Bj. z

Re, o

/& 40,000
SEE FIG. 7 FOR PHOTOGRAPHS AND DETAILS OF LIGHT-GAS END-WALL
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FiIG. 44

COMPARISON OF CONTAINMENT PARAMETERS FOR HEAVY- GAS
INJECTION FROM NONAXIAL-FLOW END WALL WITH AND

INJECTION CONFIGURATIONS

i
i
; LIGHT - GAS INJECTION VELOCITIES
] P AXIAL- AXIAL-
2 SYMBOL HEAVY-GAS INJECTION CONFIGURATION pE'u,AEERAL Eh:DL Jk&” NOENNDI\}I.AFLLLOW
! vV, . - V, . e FT V, -
; R B b, i FT/SEC |Yg,j aF - FT/SEC| g j NF-FT/SEC
7 | WITH SWIRL FROM NONAXIAL - FLOW END WALL|
O THROUGH 12 WALL JETS 150 228 0
- (SEE TABLE II AND FIG. 6 FOR DETAILS)
WITHOUT SWIRL FROM NONAXIAL-FLOW END
@ WALL THROUGH 12 1/2-IN-DIA DUCTS 150 215 o}
L (SEE TABLE II AND FIG. 6h  FOR DETAILS) _ N B
10 O e e SEP
z | o
z | ___ ——
u—_- \0 ~_~__I~ e e b
b 7] ;
~ - —— -
hu'— : !
5 ot
@ : _ .
Y] L : I
- . @ T
LL’ F——4- 44—+ = - —— -~ - . -
: S
x TT77T i 1
>
a | 1 SN MO NN L A i
[
Z 2 . [P I S __;___._.J___...‘é.___._...__.: - .___Z
g NO LIGHT-GAS INJECTION FROM END WALL; | R
S HEAVY - GAS INJECTION AT CENTER OF i - : N
I NONAXIAL-FLOW END WALL (FROM FIG.3Ib) ! : .
=S e A s D i i Bt B B
o [ Ay
U [l
2 - I i '
| - N I HI
0.05 0.1 02 0.5 [ 2
HEAVY~GAS DENSITY RATIO, . /p,
' I
NASA-Langley, 1968 — 22 CR-992 85



